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IAbstract
Electrochemical energy storage systems (ESS), such as supercapacitors, batteries and
fuel cells, can store and release electricity very efficiently, showing great promise as future
energy storage systems. Electrode materials is the key elements of electrochemical ESS.
Porous carbon materials, due to its high surface area, large pore volume and unique pore
size distribution, have been viewed as good candidate for electrode materials of
electrochemical ESS. Currently, activated carbon (AC) with a broad pore size distribution is
commercialized as electrode materials for electrochemical application. However, the low
conductivity, low mass transportation and low structural stability of AC have hindered its
application in advanced electrochemical ESS. To this end, developing novel carbon
nanostructures with tunable pore size, high conductivity and controlled morphology is
critical for weaselling out of such predicament.
The aims of this project includes the design and synthesis of novel mesoporous carbon
materials for aqueous electrolyte, ionic liquid electrolyte based supercapacitor, and Li-S
applications. In the respect of supercapacitor application, nitrogen-doped mesoporous
carbon nanospheres and 2D mesoporous carbon nanosheets will be fabricated and their
electrochemical properties will be investigated. In the respect of Li-S application, an
activated microporous carbon encapsulated radial pore carbon sphere was rationally
designed and its electrochemical properties will be investigated and compared with its
counterparts.
In the first part, we report the synthesis of N-doped MHCS using 3-aminophenol/
formaldehyde resin (APF) with a surfactant-free in situ silica-templating approach. The
polymerization kinetics of the APF and tetraethoxysilane (TEOS) in the reaction system, as
well as their cooperative assembly, can be adjusted by simply tuning the added amount of
ethylenediamine. Because of the highly porous and thin shell, the final products displayed a
unique invaginated sphere morphology, named as N-doped mesoporous invaginated
carbon nanospheres (N-MICS) hereafter. As a demonstration of the application potential,
N-MICS were applied as electrode materials for supercapacitors and exhibited excellent
electrochemical performances with a high specific capacitance (261 F g-1), a superior
cycling stability, and a good rate performance.
In the second part, in order to set an idea platform to study the ion diffusivity and
energy/power performances as a function of mesopore size, single-layered mesoporous
carbon sandwiched graphene nanosheets (sMC@G) is synthesized for high-performance
ionic liquid based supercapacitors. A new understanding of ion diffusion coefficient as a
II
function of mesopore size is revealed. When using EMImBF4 as the electrolyte (cation size
of 0.76 nm), the ion diffusion coefficient changes dramatically in the mesopore size range of
6.8-10.6 nm, then slightly increases when the pore size is further enlarged and approaches
the bulk diffusion coefficient of the electrolyte. The power density of sMC@G with a pore
size 10.6 nm is improved (14.7 kW kg-1 at 20 A g-1) without compromising the energy
density (130 Wh kg-1 at 1 A g-1), superior to other porous carbon electrode materials in ionic
liquid electrolyte supercapacitors.
In the third part, nitrogen-doped hollow mesoporous carbon spheres (NHMCS) with
tunable void space have been synthesized through ethylenediamine-assisted
self-assembly approach between 3-aminophenol/formaldehyde resin (APF) and silica
templates. The NHMCS with high specific surface area, large pore volume, interconnected
radial mesopores and tunable void space. When used as the host material, the high
specific surface area and large pore volume ensure high S loading; the interconnected
radial pore provides low resistance and short diffusion pathway, facilitating fast mass
transport to enhance the rate capability of the composite cathode; the tunable void space
adjusts the volumetric energy density and offering enough free space for S expansion.
Benefitting from such novel architecture of NHMCS, the obtained NHMCS/S cathode
possess high S loading, improved electrochemical performance including high capacity,
good rate performance and cycling stability.
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1Introduction
1.1 Significance of the project
Carbon is one of the most magical materials in this world. It can not only constitute conductive and
soft material such as graphite, but can also constitute insulative and rigid material such as diamond.
In addition, based on the synthesis condition, diverse carbon form can also be produced, such as
monoliths, foams, films, fibres, granules and powders. Benefiting from such polytropy of carbon
materials, they have been extensively used in the fields of jewelleries, catalyst, chemistry industry,
auto industry, air purification, water remediation, medical use, etc.
Mesoporous carbon nanospheres have been extensively studied for many applications, such as
energy storage, adsorption, catalysis, and sensor technologies.[1-8] In particular, mesoporous hollow
carbon nanospheres (MHCS) often showed enhanced performances, because hollow voids can be
served to boost the pore volumes and act as a macroporous reservoir for the improved mass
diffusion, volume buffering, or the desired component encapsulation, depending on their final
applications.[9-14] Conventional methods such as hard-templating and soft-templating methods[10, 12,
15-18] usually involve multistep procedures which is not cost-effective for industrial application.
Surfactant-free cooperative self-assembly between silica and polymer shows great promise in
fabricating MHCS materials.[19-24] Till now, such cooperative method has not been applied for
substituted phenol derivatives, which have the potential to create heterogeneous-atom-doped
(nitrogen, sulfur, etc.) carbon nanomaterials with functional properties may greatly widen its
application.[25-32]
The development of high performance electrical energy storage systems is critical for the
application of energy from renewable sources.[33-35] Electrochemical double-layer supercapacitors
have shown extraordinary power density, ultra-fast charge/discharge rate and very long cycling
life,[33-37] but lower energy density compared to rechargeable batteries.[33,38-40] The energy density
can be enhanced by increasing either the capacitance or operation voltage.[33,35,36,39,40] The
capacitance of supercapacitors can be improved by controlling the nanoporous structure of carbon
materials.[41-46] Compared to conventional electrolytes used in supercapacitors, ionic liquid
2electrolytes enable supercapacitors to operate at high voltages up to 4 V, which also increase the
energy density significantly.[40,47-49] However, in contrast to conventional aqueous/organic
electrolytes,[36,50,51] ionic liquid electrolytes have higher viscosity and larger ion sizes,[49,52] limiting
both energy and power performance of ionic liquid based supercapacitors.[38,39,47,53] Two
dimensional (2D) mesoporous carbon materials have attracted a growing interest for capacitive
electrical energy storage due to their high lateral size/thickness aspect ratio, short ion/electrolyte
diffusion length and highly accessible pore structures.[54-56] The structure of a single-layered
mesopore deposited on graphene with finely tunable pore sizes is an ideal platform to study the ion
diffusivity and energy/power performances as a function of mesopore size, but not reported to date
to the best of our knowledge.
Lithium sulfur (Li-S) batteries have attracted extensive research interests during the last decade due
to high natural abundance, low cost, high theoretical capacity (1675 mAh g-1) and specific energy
density (2600 Wh kg-1) of S.[57-60] Despite these incentives, the advance of Li-S batteries is still
hindered by several obstacles, including the insulating nature of S, the heavy dissolution of
polysulfides (shuttle effect), and the large volumetric expansion during lithiation (80%).[59-61]Using
host materials (porous carbons, metal oxides, metal sulfides, etc.) to immobilize S and polysulfide
is a commonly applied strategy to overcome these problems.[62-68] Porous hollow carbon spheres
(HCS) have been intensively investigated as promising candidates for S immobilization, because of
their large voids for accommodating the volumetric expansion and the shell structures providing
efficient confinement to soluble polysulfides.[69-75] However, studies have shown that S was
preferentially embedded in porous shells rather than in the interior voids[69-71,74-77] leading to reduced
volumetric energy densities.[78, 79] Several strategies have been developed to address this problem.
However, current strategies have significantly improved the sulfur loading and volumetric energy
density, but there are few reports dealing with how to optimize free space for sulfur
expansion.[70,74,77, 81-86] A strategy that could address this issue while simultaneously achieve a high
sulfur loading remains challenging.
1.2 Research objective and scope
This project aims at developing novel mesoporous carbon nanostructures for energy storage
applications. Firstly, novel N-doped mesoporous invaginated carbon nanospheres (N-MICS) will be
synthesized and applied as electrode materials for supercapacitors. In the next, single-layered
mesoporous carbon sandwiched graphene nanosheets (sMC@G) will be synthesized for
high-performance ionic liquid based supercapacitors. A new understanding of ion diffusion
coefficient as a function of mesopore size will be revealed. Lastly, nitrogen-doped hollow
3mesoporous carbon spheres (NHMCS) with tunable void space will be synthesized as the cathode
materials of Li-S batteries. The optimized void space for sulfur expansion will be investigated. The
specific objectives of this project include:
1) Extending surfactant-free self-assembly approach to other substituted phenols to produce
heterogeneous-atom doped MHCS for aqueous electrolyte based supercapacitor.
2) Understanding the relationship between the pore size of nanoporous carbon, the ionic liquid
electrolyte diffusivity and the energy/power density using sMC@G material to design
high-performance ionic liquid based supercapacitors.
3) Optimizing the void space of NHMCS offering high sulfur loading and enough free space for
sulfur expansion to design Li-S batteries with high volumetric energy density and long cycling
stability.
1.3 Thesis Outline
Chapter 1 Introduction
This chapter outlines the significance and the specific objectives of this research project.
Chapter 2 Literature Review
This chapter presents an overview of various carbon materials, the synthesis method and the
application of these carbon materials in the field of supercapacitors and lithium sulfur batteries.
Chapter 3 Materials and Characterisations
This chapter summarises the chemicals, synthetic methods and characterisations of the materials
used in this research project. The strategies of electrochemical test are also included.
Chapter 4 Kinetically Controlled Assembly of Nitrogen-Doped Invaginated Carbon Nanospheres
with Tunable Mesopores
This chapter presents the synthesis of nitrogen doped mesoporous invaginated carbon nanospheres
(N-MICS) through an ethylenediamine-assisted strategy to control the cooperative self-assembly
between a 3-aminophenol/formaldehyde resin and silica templates. The synthesised N-MICS shows
a high capacitance of 261 F g-1, an outstanding cycling stability (~94% capacitance retention after
10000 cycles), and a good rate performance when using as aqueous electrical double-layer
supercapacitors. This chapter was published in Chem. Eur. J. 2016, 22, 14962.
Chapter 5 Single-Layered Mesoporous Carbon Sandwiched Graphene Nanosheets for High
performance Ionic Liquid Surpercapacitors
4This chapter reports the synthesis of single-layered mesoporous carbon sandwiched graphene
nanosheets (sMC@G) with mesopore-dominant (82% ~ 89%) high surface area and tunable
mesopore sizes (4.7, 6.8, 9.4, 10.6 and 13.9 nm). The relationship between the pore size of
nanoporous carbon, the ionic liquid electrolyte diffusivity and the energy/power density is revealed.
The performance of sMC@G is superior to other porous carbon materials used in ionic liquid
electrolyte supercapacitors. This chapter was published in J. Phys. Chem. C. 2017, 121, 23947.
Chapter 6 Modulating the Void Space of Nitrogen-Doped Hollow Mesoporous Carbon Sphere
for Lithium-Sulfur Batteries
The chapter reports a nitrogen-doped hollow mesoporous carbon spheres (NHMCS) with tunable
void space through an ethylenediamine-assisted cooperative self-assembly strategy between
3-aminophenol/formadehyde resin and silica. By optimising the void space of NHMCS to an
appropriate size, the obtained NHMCS offers high sulfur loading and enough free space for sulfur
expansion, showing excellent cycling stability as the sulfur cathode. This chapter was supposed to
submit to Chemical Communication.
Chapter 7 Conclusion and Outlook
This chapter presents conclusions of this thesis and future work.
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Literature Review
2.1 Carbon materials
In our earth, after oxygen, carbon is the most abundant element. Carbon exists in various forms,
such as diamond, fullerene, carbon nanotube, graphite, graphene and carbon dot (Figure 2.1).
Among all kinds of elements, there is no other element that can form such diverse and completely
different substances as a single element (such as 3D diamond crystal and graphite, 2D graphite
sheets, 1D CNTs and 0D fullerene). Research has shown that carbon materials possess enormous
advantages compared to many other materials, including their hardness, optical properties, radiation
characteristics, electrical conductivity, heat resistance, electrical insulation, surface and interface
properties, etc. Therefore, carbon materials have been extensively applied in the fields of jewelleries,
catalyst, chemistry industry, auto industry, air purification, water remediation, medical use, etc.[1-14]
In the last three decades, multifarious methods have been reported by tons of research papers in
term of carbon synthesis. With the development of modern society, the waves of synthesizing novel
carbon materials for diverse applications are still carrying on.
Figure 2.1 Various forms of carbon nanomaterials. Reproduced with permission from Ref. 14.
Copyright 2016, Royal Society of Chemistry.
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2.1.1 Graphene
Graphene, a single atomic monolayer of sp2-bonded hexagonal carbon, can constitute graphitic
materials with all other dimensionalities: it can be wrapped into 0D fullerenes, scrolled into 1D
nanotubes or stacked into 3D graphite (Figure 2.2). Graphene has been viewed as promising
electrode material due to its high conductivity (charge-carrier mobility = 250 000 cm2 V-1 s-1 at
room temperature), excellent mechanical strength (mechanical stiffness = 1 TPa), chemical stability,
exceptionally large theoretical SSA (2630 m2 g-1) and theoretical gravimetric capacitance of 550 F
g-1. Therefore, graphene based composites are widely exploited in various applications, such as
catalysis, adsorption, and energy storage systems.[15-18]
Figure 2.2. Mother of all graphitic forms. Reproduced with permission form Ref. 18. Copyright
2007, Nature Publishing Group.
2.1.2 Carbon nanotube
Since carbon nanotubes (CNTs) were discovered in 1991, it has shown exciting potential
applications in various fields due to its remarkable physical properties originated from its unique 1D
structure. For instance, in theoretically, metallic CNTs possess an electric current density of 4 × 109
A cm-2, which is about 1000 times higher than metallic copper. In addition, single-walled CNTs
12
(SWCNT) possess super-high Young’s modulus of 1 TPa, high strength over 60 GPa and
theoretical specific surface area of 1315 m2 g-1. Therefore, CNTs are considered to be promising
candidate for electronics, biomedical and electrochemical applications.[19-22]
2.1.3 Amorphous carbon
Amorphous carbon (also called diamond-like carbon) is kind of carbon with less- or non-crystalline
structures. Based on the synthesis condition, the crystalline degree of amorphous carbon can be
tuned. In addition, due to the ease of large-scale and cost-effective synthesis, amorphous carbon and
its modified composites have been widely applied in the field of adsorption, catalysis, and energy
storage systems.[23].
2.2 Synthesis of carbon materials
2.2.1 Graphene
Diverse methods have been reported to synthesize graphene over the last decades, such as
mechanical cleavage of graphite, chemical exfoliation of graphite, unzipping carbon nanotubes,
chemical vapour deposition (CVD), bottom-up organic synthesis, etc.[24-31] Despite the great
scientific progress of synthesizing graphene, the commercialization of graphene based materials is
still hindered by the large-scale, cost-effective, and green production process. This will be more
important especially when graphene based materials are fabricated as the electrode materials of
supercapacitors for electric vehicles (ECs) application, where the large-scale, low cost and
eco-friendly production of the active materials is required.
Currently, three promising methods can realize the scalable production of graphene, namely the
graphite oxide, liquid-phase exfoliation and electrochemical route.[31] Among these three methods,
the most popular and common used method in literature is graphite oxide route, the obtained
products are usually called graphene oxide (GO) and reduced graphene oxide (rGO). As shown in
Figure 2.3 An illustration of the chemical route to the synthesis of chemically derived graphene.
Reproduced with permission form Ref. 32. Copyright 2009, Nature Publishing Group.
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Figure 2.3, by using classic Hummers or modified Hummers method, graphite can be oxidized to
GO. The mechanism lies in the oxidative intercalation and production of oxygen-containing
functional groups on the graphene layers which helps the dispersion and stabilization of GO sheet in
water.[32] Benefitting from the oxygen-containing group on its carbon skeleton, GO possess
excellent dispersity in various solvent, making it possible for enormous applications. However, GO
is not suitable for directly used as the electrode materials of supercapacitors or battery, since the
abundant oxygen-containing groups also transform GO into a highly insulating materials. As a
result, the oxygen-containing groups will be usually removed in order to restore its good
conductivity, which relies on using strong reductive agent (hydrazine, sodium borohydride, etc.) or
other thermal reduction process. The obtained reduced graphene oxide are usually called rGO.
2.2.2 Carbon nanotube/nanofibers
Different to the synthesis of graphene, CNTs have to be synthesized by using complex procedure
and expensive precursors, which inevitably increase the cost of the production process. Currently,
there are mainly four methods to synthesize CNTs: chemical vapour deposition (CVD) (Figure 2.4),
arc-discharge, laser ablation, and high pressure carbon monoxide.[32-37]
Figure 2.4 Schematic of conventional procedure for preparing catalyst nanoparticles or nanoilands
and subsequent CVD growth of carbon nanotubes. Reproduced with permission from Ref. 37.
Copyright 2007, The Japan Society of Applied Physics.
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Figure 2.5 Schematic demonstration of the electrospinning setup for CNF fabrication. Reproduced
with permission from Ref. 38. Copyright 2012, Wiley Publishing Group.
Carbon nanofibers (CNFs) can also be synthesized through a similar method to CNTs. However,
in recent years, electrospinning have been introduced as a cost-effective method for scalable
synthesis of CNFs. The CNFs prepared by using electrospinning method possess favourable
specific surface area, high porosity, and mechanical strength that can be used directly as a
free-standing electrode for diverse applications (Figure 2.5).[38]
2.2.3 Carbide derived carbon
Carbide derived carbon, also known as tunable nanoporous carbon (Figure 2.6),[39] is the carbon
materials produced by selectively extraction of metals from metal carbides (MeCs, such as SiC, TiC,
Ti2AlC, Ti3SiC2, etc.) using chlorine at high temperatures which is similar to current dry-etching
techniques. Based on the experimental conditions of synthesizing carbide derived carbon, various
kinds of carbon structures can be formed, ranging from amorphous to crystalline carbon, sp2 to sp3
bonded, and highly porous to fully dense carbon. Up to date, diverse carbon derived carbon forms
have been reported, such as graphene, carbon nanotube, onion-like carbon, microporous carbon,
mesoporous carbon, diamond-like carbon and so on. Since MeCs is used as template and metal is
extracted layer-by-layer, its micro- or meso- structure and the pore size distributions can be
precisely tuned by adjusting the temperature, composition and other parameter in the synthesis
process. As a result, carbide derived carbon shows great prospect in the area of adsorption, biology,
catalyst, water desalinization, and electrical energy storage.[39]
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Figure 2.6 Model of a carbide-derived carbon generated via quenched molecular dynamics with a
ReaxFF force field. Reproduced with permission from Ref. 39. Copyright 2017, Wiley Publishing
Group.
2.2.4 Metal-organic frameworks derived carbon
Metal-organic frameworks (MOFs) are compounds consisting of metal ions or nodes coordinated
to organic likers to form 1D, 2D or 3D structures (Figure 2.7).[40] In 2011, Xu et al. reported the
synthesis of nanoporous carbons by using MOFs as sacrificial template for the first time.[41]After
that, in recent years, MOFs have been used as an ideal sacrificial template for producing diverse
carbon materials, including porous carbon, heteroatom doped porous carbons and metal/metal oxide
decorated porous carbon.[40-42] As an alternative approach for hard- or soft-templating methods,
MOFs derived carbon nanomaterials possess many advantages, such as high specific surface area,
narrow pore size distributions and easy incorporation with other heteroatoms. Considering such
advantages, many efforts have been thrown into the preparation of various MOFs derived carbon
Figure 2.7 Components and structure of MOFs. Reproduced with permission from Ref. 40.
Copyright 2012, Royal Society of Chemistry.
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materials through changing suitable MOF templates, pyrolysis conditions, loading of additional
precursors and post-functionalization, as well as their applications ranging from supercapacitors,
batteries (lithium-ion, sodium-ion, zinc-ion, aluminium-ion etc.), gas adsorption/separation and
water desalinization.[43-45]
2.2.5 Mesoporous carbon
Conventionally, mesoporous carbons (MC) are fabricated by a hard-template nanocasting method
using silica as the sacrificial template.[46] The preparation of MC is typically started with the
infiltration of a carbon precursor into the pores of the template, followed by a carbonization process
and finally the removal of the template.[47-51] The volume once occupied by the template material is
transferred to mesopores in the MC, while the pore space in the template is transferred into the
framework of the MC (Figure 2.8(a)). Besides hard-templating, soft-templating method is also an
alternative approach to synthesize MC. With using soft-templating method, in which carbon
precursors and surfactants are assembled at preformed solid nanoparticles (Figure 2.8 (b)), it is not
necessary to sacrifice the template by etching (HF, NaOH, etc.). The interaction between the carbon
precursor and the surfactant, which drives the self-assembly of the soft template, determines the
pore structure.[52-53] MC possess ordered pore structures, large specific surface area, narrow pore
size distributions and interconnected pore network, showing great potential in the field of
adsorption, electrochemical and biomedical applications.[54-58]
Figure 2.8 Schematics illustration of (a) hard-template based and (b) soft-template based synthesis
strategies. Reproduced with permission from Ref. 46. Copyright 2006, Wiley-VCH.
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2.3 Application of carbon materials in supercapacitors
The production, storage and consumption of renewable energy require reliable electrochemical
energy storage and conversion systems, which primarily include rechargeable batteries,
supercapacitors and fuel cells. Among these promising energy systems, supercapacitors, also known
as electrochemical capacitors or ultra-capacitors, have attracted much attention due to its great
charge-discharge efficiency, high power density and superior cyclic stability.[59-62] Figure 2.9
compares various energy conversion and storage devices by plotting the simplified Ragone plot. It
can be found that supercapacitors occupy an important position in terms of the high specific power.
Supercapacitors can deliver 1-2 orders of magnitude higher power density than rechargeable
batteries and storage much more energy than conventional dielectric capacitors. Combing with
other advantages of safe operation and low maintenance cost, supercapacitors provide versatile
energy solution to diverse applications ranging from portable devices to electric vehicles and
electrical grids.
The main drawback of supercapacitors lie in their relatively low energy density compared to
rechargeable batteries. In order to solve such problems, great efforts have been thrown to increase
the energy density of supercapacitors through modifying the pore structures of carbon materials,
combining with pseudo-capacitive materials, using organic or ionic liquid electrolyte, etc.
Figure 2.9 Specific power against specific energy, also called a Ragone plot, for various electrical
energy storage devices. Reproduced with permission from Ref. 59. Copyright 2008, Nature
Publishing Group.
18
2.3.1 Graphene based composite
Theoretically, graphene has an advantage of high specific surface area (2630 m2g-1), it should
possess a satisfying capacitance when be used as the electrode materials of electrical double layer
supercapcitors (EDLCs). However, studies have shown that graphene can only deliver a specific
capacitances of 135 F g-1, 99 F g-1 and 75 F g-1 in aqueous, organic, and ionic liquid electrolytes,
[63-64] which is far from its theoretical specific capacitance (550 F g-1). The reason results from
face-to-face interaction of graphene nanosheets, causing severe agglomeration during electrode
fabrication process and the intrinsic capacitance of an individual graphene sheet could not be
reflected.[65] Many efforts have been thrown to prevent the aggregation of graphene. The most direct
and effective strategy is to synthesize curved or corrugated graphene.[66-68] For instance, Yan and
co-workers reported highly corrugated graphene sheets (HCGS) by using a rapid, low cost and
scalable approach through the thermal expansion of GO at 900 °C followed by rapid cooling using
liquid nitrogen.[67] The obtained corrugated graphene sheets effectively avoid the face-to-face
agglomerating and restacking with one another and thus increase the electrolyte-accessible surface
area (Figure 2.10). Using such corrugated graphene sheets to prepare electrode, the maximum
specific capacitance can reach 349 F g−1 at 2 mV s−1 in 6 M KOH aqueous solution.
Introducing other carbon materials with different dimensions as spacers between graphene sheets
to increase the interlayer spacing is another effective approach to prevent the restacking.[68-74] For
example, Fan’s group reported the synthesis of porous disordered carbon layers coated graphene
sheets to form interconnected frameworks by one-step pyrolysis of the mixture of graphene
oxide/polyaniline and KOH (Figure 2.11). The obtained hierarchical porous carbon material
exhibits high specific surface area (2927 m2 g−1), interconnected pores, moderate pore volume (1.78
cm3 g−1), short ion diffusion paths, and a high nitrogen level (6.0 at%). In aqueous electrolyte, it
displays both outstanding gravimetric (481 F g−1) and volumetric capacitance (212 F cm−3). Their
assembled symmetrical supercapacitor also delivers high gravimetric (25.7 Wh kg−1) and high
volumetric energy densities (11.3 Wh L−1).[70]
Figure 2.10. Schematic illustration for the possible formation of the HCGS sample. Reproduced
with permission from Ref. 67. Copyright 2012, Elsevier Publishing Group.
19
Figure 2.11 Schematic illustration of the preparation of SGC samples. Reproduced with permission
from Ref. 70. Copyright 2014, Wiley Publishing Group.
Besides preventing the restacking of graphene sheets, increasing the specific capacitance and
energy density of graphene based materials without sacrificing high power performance and good
cycling stability is another aspect for the development of high-performance supercapacitors.
Heteroatoms doping (O, N, P, B and S) on the surface or into the skeleton of graphene materials has
been shown as a feasible strategy to combine the advantages of carbon EDLCs with
pseudo-capacitance induced by the heteroatoms.[70, 75-77] The introduction of heteroatoms can
provide a pair of electrons which can modulate the electron donor–acceptor characteristics of
graphene materials thus create functional groups on graphene surface, leading to the increase of
specific capacitance.[65] For example, Feng’s group reported a reliable route for preparing highly
crumpled nitrogen-doped graphene nanosheets with ultrahigh pore volume. The fabricated electrode
materials for EDLCs delivered a capacity of 302 F g-1 at a scan rate of 5 mV S−1 in KOH aqueous
electrolytes and 245.9 F g-1 at a current density of 1 A g-1 in 1.0 M [Bu4N]BF4 acetonitrile
electrolyte. Besides, it also shows excellent rate capability and long-term stability.[77]
In order to increase the specific capacitance more efficiently, pseudocapacitive materials, such as
electrically conducting polymers and transition metal oxides, can be incorporated as active
materials on the surface of graphene skeleton.[78-86] For example, a freestanding and flexible
graphene/PANI film was synthesized by Cheng’s group using an in-situ anodic
electro-polymerization. The obtained electrode showed a strong tensile strength of 12.6 MPa and
large gravimetric capacitances of 233 F g-1 and volumetric capacitances of 135 F cm-3, superior to
many other carbon-based flexible electrodes.[83]
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2.3.2 Carbon nanotubes/nanofibers based composites
CNT electrodes can be fabricated by a conventional slurry-paste method. However, the capacitance
of the CNT electrodes are usually much lower than the theoretical capacitance (260~650 F g-1),
ranging from 18 to 137 F g −1, due to micropores-dominant feature of CNT leading to poor
accessibility of electrolyte ions.[87]
In order to increase the capacitance of CNT based electrodes, it is logic to fabricate porous carbon
and CNT hybrid electrodes. However, due to the super high van der Waals attraction between the
individual tubes, CNTs tend to form bundles leading to the difficulty of incorporating CNTs in
composite electrodes.[88]
Aurbach and co-workers introduced a cunning method to synthesize CNT/porous carbon
composite electrodes.[89,90] CNTs were firstly uniformly dispersed in the polymer solution and then
carbonization was directly conducted to form the CNT/porous carbon composite, resulting in
composite material with high surface area. Benefitting from the incorporation of CNTs (from 1.5%
to 20%), mesoporous structure could be formed, which could facilitate the ion and electron
transportation during charge-discharge process. As a result, the composite electrodes delivered a
high capacity of ~200 F g-1 in 6M KOH electrolyte and showed excellent cycling stability.
It’s also a smart strategy to combine CNTs with conducting polymers, including polypyrrole
(PPy), polyaniline (PANI) and poly (3,4-ethylenedioxythiophene) (PEDOT). The individual
conducting polymer is not suitable for preparing electrodes, due to the intrinsic structural swelling
and mechanical brittleness leading to the poor stability during charge/discharge process.[90]
However, when conducting polymers are incorporated in the matrix of CNTs, the robust CNTs
matrix can play the role of backbone facilitating a homogenous distribution of polymers, which
could greatly improve the charge transfer efficiency of the composite electrode.[91-93]
Recently, there is a trend to incorporate pseudocapacitive metal oxide into or on the surface of
CNTs, among those reports, MnO2,[94-97] Co3O4,[98-100], RuO2,[101] and V2O5,[102,103] are some of the
extensively studied materials. In particularly, MnO2 has attracted great attention for SC applications
owing to its high specific pseudocapacitance and natural abundance. For instance, a core
(CNT)-shell (MnO2)-structured yarns was reported by Kim’s group by using a facile
electrochemical method.[95] The fabricated solid-state coiled supercapacitor exhibits high
conductivity, good elasticity, high specific capacitances, and excellent cycling stabilities.
CNTs free-standing films can also be produced through vacuum filtration or layer-by-layer (LBL)
assembly method. In vacuum filtration process, CNTs can be trapped in the pores of the membrane
and then a porous and interconnected CNT films can be formed gradually. Finally, the free-standing
CNT films can be peeled off when the thickness of the films is thick enough. Free standing CNTs
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films can also be fabricated through a LBL assembly process by tuning the pH values of the
modified CNT solutions.[104] A free-standing CNT electrodes was prepared through a LBL strategy
by Yang’s group on an ITO substrate.[105] The obtained CNT electrode delivered a high volumetric
capacitance of ~180 F cm-3 in non-aqueous electrolyte, owing to the existence of functional groups
offering pseudocapacitance to the composite electrode. In addition, at a power density of ~100 kW
kg-1, the energy density is about 200 Wh kg-1, which is higher than the commercial lithium-ion
battery. However, the complicated and time-consuming process of LBL technique greatly limits its
practical application.
In recent years, electrospinning CNFs have attracted great interest for preparing CNFs based
free-standing composite films. For example, an interconnected porous CNFs film was synthesized
by Hsu’s group through electrospinning process by using a polyacrylonitrile (PAN) and cellulose
acetate (CA) solution.[106,107] Upon carbonization, PAN and CA can be partially burned off, leading
to the formation of a porous structure of CNFs. By tunning the synthesizing condition, the
optimized CNFs could exhibit a high specific surface area of 1160 m2 g-1. Besides, at a current
density of 1 mA cm-2, the obtained CNF electrode delivered a high specific capacitance of 245 F g-1
and showed good cycling stability. Moreover, free-standing porous CNF films was also prepared by
Kim’s group by through electrospinning by using tetraethoxy orthosilicate (TEOS) and PAN
(Figure 2.12).[108] By adjusting the weight ratio of TEOS and PAN, at a current density of 1 mA
cm-2, the fabricated porous electrode could reach a high specific capacitance of 160 F g-1. Despite
the invention of micropores, macroporous/mesoporous CNFs was prepared by Wang’s group using
a mixture of PAN and polymethyl methacrylate (PMMA)/TEOS.[109] The existence of mesopores
and macropores could form the high-speed ion transporting pathway to facilitate ion transportation
efficiently and help the formation of ion reservoirs to provide a short distance for ion diffusion. As a
Figure 2.12 Digital (a) and cross-section SEM (b) images of free-standing porous CNF films.
Reproduced with permission from Ref. 108. Copyright 2011, Elsevier Publishing Group.
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result, the obtained CNFs electrodes delivered a high specific capacitance of 170 F g-1 and showed
excellent cycling stability at a current density of 1 A g-1.
Doping heteroatoms (N, P, S etc.) into CNFs is also an effective strategy to increase the
capacitance of CNFs. For example, doping nitrogen atoms into the framework of CNFs has shown a
lot of advantages.[110-118] First, nitrogen doping can increase the specific capacitance of the electrode
due to the intrinsic pseudocapacitance of nitrogen atoms. Second, nitrogen doping can increase the
integral conductivity of CNFs, which will facilitate electron transport in the electrode. Third,
nitrogen doping can increase the wettability of CNFs, which will boost ion transportation and
increase the rate performance of supercapacitors. For example, a nitrogen-doped porous carbon
nanofibers was synthesized by Chen’s group through carbonization of CNFs coated polypyrrole
(CNFs@polypyrrole) at a suitable temperature.[118] At a current density of 1 A g-1, the obtained
nitrogen-doped CNFs delivered a specific capacitance of 202 F g-1 in 6 M KOH electrolyte and also
showed good retention capability (81.7% capacitance retention at current densities up to 30 A g-1),
large power capability (89.57 kW kg-1) and good cycling stability (3000 cycles).
Similar to the case of CNTs, it is logic to incorporating pseudocapacitive metal oxide into the
matrix of CNFs to increase the specific capacitance of the CNFs based supercapacitors. The
mechanism is the same as CNTs, relevant literatures can be found easily.[119-123]
2.3.3 Mesoporous carbon
Due to their defined mesostructure, high porosity, large surface area, stable chemical property, and
good conductivity, mesoporous carbon (MC) materials is also desirable for supercapacitor
application. However, the existence of high amount of mesopores in MC is not satisfying for the
increase of volumetric capacitance, which is a quite important parameter for practical application.
Therefore, for the sake of enhancing the volumetric capacitance of MC, it’s necessary to tune the
ratio between micorpores and mesopores. The existence of mesopore is critical since many reports
demonstrated that mesopores play the role of transportation path which can accelerate the ion
diffusion in electrodes and improve the rate performance of the supercapacitors (Figure 2.13).
Micropores that are accessible to the electrolyte ions are also essential to increase specific
capacitance.[124-126] Thus, the coexistence of mesopores and micropores is necessary for producing
high performance electrode materials for supercapacitors.
Currently, the common used strategy to increase the ratio of micropores in MC is to heat the
mixture of MC and KOH under inert atmosphere at elevated temperature.[127] Normally, the ratio of
micropore and specific surface area could be increased when increasing the weight ratio of
MC/KOH. However, it should be noted that the architecture of MC could be destroyed at certain
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Figure 2.13 a) SEM image of the macroporous cores of the HPGC material, b) TEM image of the
mesoporous walls, c) TEM image showing the micropores, d) high-resolution TEM (HRTEM)
image of the localized graphitic mesopore walls, and e) schematic representation of the 3D
hierarchical porous texture. Reproduced with permission from Ref. 126. Wiley Publishing Group.
degree if too high amount of KOH is applied. Therefore, choosing a suitable amount of KOH is
quite crtical for specific MC. For instance, porous carbons containing meso/macro/micropores with
large surface areas was reported by Yamada’s group through a colloidal-crystal templating
technique.[128] A high specific capacitance of 200~350 F g-1 was delivered in aqueous H2SO4
solution. Their results also showed that the micropores played the role of charge storage, and larger
interconnected mesopores are important for facilitating electrolyte ion transportation.
Besides combing micropores, mesopores and macropores for improving specific capacitance, the
functionalization of mesoporous materials is also efficient becasue functional groups can help the
adsorption of ions, improve the wettability of mesoporous materials and provide smooth ion
transportation within the porous structure. In addition, the incorporation of functional groups can
also generate pseudocapacitance which can increase the specific capacitance.[129] For example, in
the presence of the triblock copolymer F127, a citric acid-catalyzed resorcinol/formaldehyde MC
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with high microporosity was synthesized by Yuan’s group.[130] The obtained MC exhibits a surface
area of 465~578 m2 g−1 with bimodal pore size of 2.1~2.3 and 5.3 nm. Benefitting from the
incorporated groups such as –OH, –C=O and –COOH, the specific capacitance of MCs electrode
delivered an enhanced capacity of 295 F g-1 at the scan rate of 10 mV s-1 in 6 M KOH aqueous
solution and good cycling stability over 500 cycles.
Hetero-atom doping is also another effective strategy to enhance the electrochemical properties of
MC materials in supercapacitors. For example, nitrogen atoms can enhance the electrical
conductivity, surface polarity and wettability of the mesoporous carbon, leading to a satisfying
electrochemical performance.[131] For example, by using soluble resol as carbon source,
dicyandiamide as a nitrogen source and triblock copolymer F127 as a soft template, nitrogen-doped
MC was synthesized by Zhao’s group through solvent evaporation induced self-assembly
process.[132] The obtained N-doped MC possess hierarchical structures with wide pore size
distribution (3.1~17.6 nm), high specific surface area (494~586 m2 g-1), and high N content (~13.1
wt%). Benefitting from the aforementioned unique properties, at a current density of 0.2 A g-1, the
obtained MC materials showed a high specific capacitances of 262 F g-1 in 1 M H2SO4 and 227 F g-1
in 6 M KOH aqueous electrolyte.
Incorporating pseudocapacitive materials (conducting polymers and metal oxide) into/onto the
matrix/surface of MC is also a very effective strategy to boost the specific capacitance of MC
materials.[133,134] For example, a hierarchical polyaniline nanowires/MC composite was reported by
Yan’s group through a chemical oxidative polymerization process. The composite material showed
a specific surface area of 599 m2 g-1 with bimodal pore distribution (2.4 and 5.0 nm). Benefiting
from the coexistence hierarchical structure and pseudocapacitive polyaniline nanowires, the
prepared electrode showed a greatly enhanced specific capacitance of 517 F g-1, satisfying rate
performance and excellent cycling stability with 91.5% retention after 1000 charge/discharge
cycles.
In the case of aqueous electrolyte based supercapacitors, the aforementioned strategy is quite
efficient to boost the elctrochemical performance of the electrode materials, due to the energy
density of the supercapacitors are mainly limited by the capacitance of the electrode. However, in
the case of nonaqueous electrolyte (organic or ionic liquid electrolyte) based supercapacitors, the
energy density of the carbon based electrode may also be constrained due to the large ion size of
nonaqueous electrolyte and the slow ion transport in micropore dominant nanostructures. To this
end, mesoporous carbon based nanostructures show great advantages for being as electrode
materials of nonaqueous electrolyte based supercapacitors due to its large and tunable mesopores,
which could facilitate the ion transport during charge/discharge process. For example, Xia’s group
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Figure 2.14 General preparation of OHMMC derived from titanium-carbide/carbon composites.
Reproduced with permission from Ref. 135. Wiley Publishing Group.
had succefully synthesized ordered hierarchical mesoporous/microporous carbon (OHMMC) by
using titanium-carbide/carbon composites.[135] As shown in Figure 2.14, by controlling the TiC
contents of mesoporous TiC/C composite precursor and chlorination temperature, the mesostructure
and microstructure can be conveniently adjusted. At the optimized condition, the OHMMC has a
high surface area (1917 m2g−1), large pore volumes (1.24 cm3g−1), narrow mesopore‐size
distributions (centered at about 3 nm), and micropore size of 0.69 and 1.25 nm, delivering a high
capacitance of 146 F g−1 in nonaqueous electrolyte and excellent rate capability.
2.4 Application of carbon materials in lithium-sulfur batteries
Since lithium-sulfur (Li-S) battery was first developed by Herbert and Ulam in 1962, it has been
viewed as the most promising rechargeable battery system. Li-S battery has a high theoretical
capacity of 1675 mAh g-1 and specific energy density of 2600 Wh kg-1, which is about fivefold over
current commercial lithium-ion battery. Besides, in virtue of its high natural abundance and
environmentally friendly, Li-S battery has attracted extensive research during the last
decades.[136-140] Despite these incentives, the commercialization of Li-S battery is still hindered by
several challenges, , including the insulating nature of S, the heavy dissolution of polysulfides
(shuttle effect), and the large volumetric expansion during lithiation (~80%).[141-143] These
drawbacks easily induce the capacity decay during charge-discharge process.
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In the last decades, diverse strategies has been developed to overcome these problems, such as
using host materials to immobilize sulfur and polysulfides,[144, 145-149] coating layer to confine sulfur
particles,[150-151] additional interlayer to protect cathode[152-153] or anode and the modulation of
electrolyte.[154] Carbon materials, due to its good conductivity, high specific surface area and pore
volume, stable chemical properties, tunable pore size and morphology, it has gained great
popularity as host material to prepare sulfur cathode. Great effort has been thrown to design sulfur
composites with carbon nanomaterials (carbon black, carbon nanotube, graphene, metal organic
derived porous carbon, etc.), since the nanoscale carbon host could not only enhance the electrical
conductivities of sulfur but also reduce the dissolution of polysulfide intermediates via the weak
interaction between carbon and polysulfide.[155-161]
2.4.1 Mesoporous carbon
Activated carbon has been firstly introduced as host material to embed sulfur. However, due to the
relatively small pore size and pore volume, sulfur cannot possess intimate contact with the activated
carbon, leading to the capacity decay during electrochemical reaction. Different to activated carbon,
Figure 2.15 TEM image and elemental maps of a CMK-3/S-155 composite particle and schematic
diagrams of the structure and redox processes. Reproduced with permission from Ref. 162.
Copyright 2009, Nature Publishing Group.
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mesoporous carbon exhibits uniform pore diameter, high pore volume and interconnected porous
structure. When mesoporous carbon was used as host material, it can offer sufficient space to reach
a high sulfur loading (up to 70 wt %), provide much higher contact area to sulfur and better
constraint on polysulfides through strong interactions between sulfur and the porous channels.[162]
For example, nanostructured sulphur/mesoporous carbon materials (Figure 2.15) was firstly applied
by Linda’s group as cathode material to prepare Li-S battery.[163] In their design, to be specific,
CMK-3 was chosen as the mesoporous carbon host, which was synthesized by a nanocasting
method using SBA-15 as a hard template. The obtained CMK-3 possesses an assembly of hollow
6.5 nm thick carbon rods separated by empty 3~4 nm wide channel void. By combining the
advantages of CMK-3, the fabricated carbon/sulfur composite cathode exhibit a stable, high and
reversible capacities of 1320 mA h g-1 with good rate properties and cycling efficiency.
2.4.2 Microporous carbon
Compared with conventional porous carbon materials, although mesoporous carbon combined
sulfur cathode has greatly improved the sulfur loading capacity and cycling performance of Li-S
battery, the dissolution and shuttle of polysulfides still cannot be prevented. To this end, Elazari and
Zhang et al. tried to disperse sulfur into microporous carbon fibers (average diameter of 1 nm) and
found that the electroactivity and cyclability of sulfur was greatly improved.[164] Later, Guo et al.
found that sulfur could still be loaded into the carbon channel with a critical pore size of 0.5 nm.[165]
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Figure 2.16 a) Calculation results of sulfur allotropes from S2 to S8. b) Diagram showing the
confined S2–4 molecules in the microporous carbon channels. c) TEM images of the
sulfur/(microporous carbon coated carbon nanotube) S/(CNT@MPC) composite cathode. Elemental
mappings of d) C and e) S of the S/(CNT@MPC) composite. f) Pore size distribution of the
microporous carbon coated carbon nanotube (CNT@MPC) substrate. g) The first five CVs of the
S/(CNT@MPC) composite cathode, obtained in a glyme-based electrolyte at 0.05 mVs-1. h)
Galvanostatic discharge–charge profiles (GDC) of S/(CNT@MPC) composite cathode at 0.1 C.
Reproduced with permission from Ref. 165. Copyright 2012, American Chemical Society.
When sulfur was loaded into their microporous carbon coated carbon nanotube (CNT@MPC), only
chain-like sulfur molecules can be existed, which eliminate the unfavorable transition between
cyclo-S8 and S42- and exhibit a single output plateau at about 1.9 V. Their designed novel carbon
materials successfully confined chain-like sulfur molecules and solve the problem of polysulfide
dissolution in Li-S battery. As a result, their sulfur/CNT@MPC composite cathode exhibits an
initial capacity of 1670 mA hg-1, cyling stability of 1149 mAh g-1 after 200 cycles and high rate
capability of 800 mA h g-1 at 5 C.
2.4.3 Hierarchically micro/mesoporous carbon
Although microporous carbon combined sulfur cathode can guarantee a large specific capacity, it is
still challenging to realize a high sulfur loading (more than 50%) with a microrpore dominant
structure, due to the relatively low pore volume of microporous carbon. Considering the benefits
from mesoporous carbon, it is logic to load sulfur with microporous/mesoporous hierarchically
structured carbon materials. For example, Li et al. introduced an ordered meso-microporous
core@shell carbon (MMCS) for sulfur host.[166] The obtained product possess microporous shell
about 100 nm which can play the role of physical barrier to alleviate the dissolution of sulfur
(Figure 2.17). In virtue of the mesoporous structure, a high sulfur loading amount and a smooth Li+
transfer between carbon and electrolytes can be achieved. As a result, the fabricated Li-S battery
exhibit a superior rate capabilities and long cycle life.
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Figure 2.17 TEM and HRTEM images of (a, c) MMCS and (d, e) mesoC. (f) SAXRD patterns of
MMCS, mesoC (CMK-3) and mesoporous SiO2 (SBA-15). Reproduced with permission from Ref.
166. Copyright 2014, American Chemical Society.
2.4.4 Hierarchically micro/meso/macroporous carbon
Figure 2. 18 (a and b) TEM images of HCSs-sulfur ((a) reproduced from Ref. 168, Copyright 2011,
Wiley Publishing Group) and double-shelled HCS/sulfur composites ((b) reproduced from Ref. 168,
Copyright 2012, Wiley Publishing Group)
Similar to the design of the electrode materials of supercapacitors, it is logic to rationally design
hierarchically micro/meso/macroporous carbon materials for sulfur host. Typically, mesoporous
hollow carbon sphere is a typical type of micro/meso/macroporous carbon materials. For instance,
mesoporous hollow carbon capsules was reported by Jayaprakash’s group by using petroleum as
carbon sources and silica as hard template (Figure 2.18).[167]When being used as the sulfur host, the
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loading amount can be as high as 70%. In addition, their synthesized material possess several
unique advantages as sulfur host: firstly, the microporous shells could help alleviate the dissolution
of polysulfides; secondly, the mesoporous shells between the enclosed shells could facilitate the
transport of ion electrolyte; thirdly, the large internal void played the role of buffering space for
sulfur expansion during charge-discharge process. Benefitting from such advantages, the fabricated
sulfur cathode delivered a high initial capacity of 974 mAh g-1, a good cycling stability (91%
retention after 100 cycles) and high rate performance (450 mAh g-1 at 3 C). After that,
double-shelled hollow carbon spheres and mutishelled hollow carbon spheres were also reported,
which also showed excellent ability of confining sulfur and lithium polysulfide.[168]
2.5 Conclusion
Carbon nanomaterials have attracted great attention in various field including adsorption, catalysis,
and energy storage systems. In the aspect of supercapacitors, individual graphene or CNT/CNF
materials are not satisfying for being used as electrode materials of supercapacitor. Incorporating
porous carbon materials into the framework of graphene or CNT/CNF has been proved to be a wise
strategy to combine the advantages of both materials. In addition, introducing heteroatoms,
pseudocapacitive materials (conducting polymers or metal oxide) into the matrix of carbon
materials are also quite effective strategy to increase the capacity of the electrodes. However, it is
worth to mention that the fabrication of mediocre devices involving in properties of
battery/supercapacitors should be avoided. Therefore, more efforts should be thrown into the design
of novel carbon materials with high-performance supercapacitor properties.
Besides the synthesis of carbon materials for aqueous electrolyte based supercapacitors, more
attentions should also be paid into the design of novel carbon materials for ionic liquid based
supercapacitors. In comparison with aqueous electrolyte based supercapacitors, ionic liquid
electrolytes enable supercapacitors to operate at wider voltages window up to 4 V, which can
greatly increase the energy density. However, in contrast to conventional aqueous electrolytes, ionic
liquid electrolytes have higher viscosity and larger ion sizes, limiting both energy and power
performance of ionic liquid based supercapacitors. Up to date, diverse carbon based nanomaterials
have been developed for electrode materials of supercapacitors. Unfortunately, the practical
application of such carbon based nanomaterials in ionic liquid based supercapacitors has far been
restricted due to the lack of a clear understanding of the relationship between pore size and
electrolyte diffusivity. Therefore, research focus should be transferred for the preparation of ideal
carbon materials with tunable pore size to figure out such relationship.
In the aspect of Li-S batteries, carbon materials possess various advantages such as its good
conductivity, high specific surface area and pore volume, stable chemical properties, tunable pore
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size and morphology. Rational design of the pore structures of carbon materials have been provided
to be an efficient strategy to increase the sulfur loading and cycling stability of host materials. The
incorporation of micro-, meso-, and macropores into the porous carbon spheres could be the best
strategy for preparing carbon host materials for high-performance Li-S batteries. Despite design of
hierarchical structures of carbon materials, more attention should also be given to the optimization
of the void space of carbon spheres, for the sake of increasing the volumetric energy density, which
is a very significant parameters for practical application.
Therefore, the following chapters in this thesis will firstly introduce the synthesis and
characterization conditions of our novel mesoporous carbon materals. Then, the design and
synthesis of nitrogen-doped mesoporous carbon materials for aqueous electrolyte based
supercapacitors will be introduced. Next, the single-layered mesoporous carbon sandwiched
graphere nanosheets will be designed and synthesized for investigating the relationship between the
pore size of nanoporous carbon, the ionic liquid electrolyte diffusivity, and the energy/power
density. Besides, nitrogen-doped hollow carbon spheres will also be designed and synthesized to
investigate the optimized void space for sulfur expansion during charge-discharge process, which
will pave the way of designing high-performance cathode materials with both high sulfur loading
and optimized space for sulfur expansion. It is worthy to mention that the novel carbon materials
which synthesized in the second and the third part of the work are evolved from the first part of the
work, which has been highlighted as very important paper in “Chemistry-A European Journal”.
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Materials and Characterisations
This chapter summarises the chemicals, synthetic methods and characterisations of the materials
used in this PhD project. The strategies of electrochemical test are also included.
3.1 Chemicals
Ethanol (>98%), deionized (DI) water, ammonium hydroxide solution (28-30% in H2O, MERCK),
formaldehyde (37% in water, Sigma Aldrich), tetraethoxysilane (TEOS) (98%, Sigma Aldrich),
3-aminophenol (98%, Sigma Aldrich). GO is synthesized by modified Hummers’ method.[1]
Polytetrafluoroethylene (PTFE) (Sigma Aldrich), acetylene carbon black (Alfa Aesar), potassium
hydroxide (KOH) (Sigma Aldrich), 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIm-BF4)
(>98%, Sigma Aldrich), Bis(trifluoromethane) sulfonimide lithium salt (99.95%, Sigma Aldrich),
1,3-dioxolane anhydrous (DOL) (99.8%, Sigma Aldrich), 1,2-dimethoxyethane (DME) (99.9%,
Sigma Aldrich), Lithium nitrate (99.8%, Sigma Aldrich), Sulfur (99.98%, Sigma Aldrich).
3.2 Materials synthesis
3.2.1 Closed-bottle reaction process
All the reaction process are conducted in a closed bottle, due to the easy evaporation of ethanol and
ammonia (Figure 3.1). The reaction temperature is quite important for the reaction process. To keep
reaction conditions constant, all the reaction process were conducted in a fume cupboard (room
temperature, ~25 ºC).
Figure 3.1 Photo image of the realistic closed bottle in the reaction process.
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3.2.2 Centrifuge and drying
Centrifuge were conducted in a low-speed centrifuge (Figure 3.2(a)). The centrifuge speed was set
as 4700 rpm, centrifuge time was 10 min. Besides, the precipitate would be washed with ethanol for
2 times in order to remove the remaining organic component. When centrifuge finished, the
precipitate was sent to 50 ºC oven for drying (Figure 3.2(b)).
Figure 3.2 Photo image of (a) Low speed centrifuge. (b) 50 ºC oven.
3.2.3 Carbonization and calcination
Carbonization process is conducted in a tube furnace (Figure 3.3(a)). Argon is used as the inert gas.
The carbonization temperature is set as 700 ℃ for 5 h with a heating rate of 2 ℃/min. In order to
acquire the silica component, calcination process is needed, which is conducted in a Muffle furnace.
The calcination temperature is set as 550℃ for 5 h with a heating rate of 2℃/min (Figure 3.3(b)).
Figure 3.3 Photo image of (a) Tube furnace. (b) Muffle furnace.
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3.2.4 Etching
Etching is a quite common used strategy to remove the silica template.[2-3] In our etching process, 10
wt% hydrofluoric (HF) solution is used to remove the silica. It is important to notice that the
etching process should be conducted in an isolate fume cupboard (Figure 3.4) without existing
glassware. In addition, HF is extremely hazardous to our skin and bone. Beside lab cloth, rubber
gloves, plastic apron and goggle should be equipped when using HF solution.
Figure 3.4 Photo image of isolate fume cupboard used in the etching process.
3.2.5 Vacuum drying
When the etching process is finished, washing is required to remove the HF residue. The centrifuge
washing process is conducted using low speed centrifuge with water as the solvent (Figure 3.2(a)).
The centrifuge speed is 4700 rpm, and the time is 30 min. The retained precipitate is transferred into
a vacuum oven (Figure 3.5) with a temperature of 90 ºC to fully remove water in the product.
Figure 3.5 Photo image of vacuum oven.
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3.3 Characterisations
3.3.1 Electron microscopy (TEM and SEM)
Transmission electron microscopy (TEM) experiments were performed on Tecnai F20 (Figure 3.6)
with an accelerating voltage of 200 kV, respectively. Samples were dispersed in ethanol through
ultrasonication and deposited to cooper grid prior to the TEM measurements. Elemental mapping
was conducted using an FEI Tecnai F20 FEG-STEM equipped with an energy-dispersive X-ray
(EDX) spectrometer operating at 200 kV.
Figure 3.6 Photo image of Tecnai F20.
Scanning electron microscope (SEM) experiments were conducted on field emission SEM JEOL
7800 (Figure 3.7). Samples were dispersed onto carbon tapes before SEM observations.
Figure 3.7 Photo image of JEOL SEM 7800.
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3.3.2 Electron tomography (ET)
Electron tomography (ET) was performed with an FEI Tecnai F30 (Figure 3.8) transmission
electron microscope operating at 300 kV. Samples were deposited onto the formvar film of copper
grids (hexagonal mesh). Colloidal gold particles (10 nm) were deposited on both sides of the grid as
fiducial markers. TEM images were digitally recorded at a given defocus in the range of +65° to
-65° with increment of 1°. Data processing was carried out by IMOD software.[4-5]
Figure 3.8 Photo image of FEI Tecnai F30.
3.3.3 Atomic force microscope (AFM)
Cypher S atomic force microscope (AFM, Asylum Research, an Oxford Instruments company,
Figure 3.9) was used for the sample thickness measurements. The images were obtained by
employing the tapping mode using Al-coated silicon probe with tip radius of 2 nm
(NANOSENSORS™, Switzerland).
Figure 3. 9 Photo image of Cypher S AFM.
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3.3.4 Nitrogen sorption
The nitrogen (N2) adsorption/desorption measurements were performed at 77 K on a Micromeritics
Tristar 3000 system (Figure 3.10) with micropore analysis. Prior to the measurement, the samples
were degassed at 250 °C for 8 h. The pore size distribution was calculated using adsorption branch
by the Barrett–Joyner–Halenda (BJH) method The Brunauer–Emmett–Teller (BET) specific surface
areas were calculated using adsorption data at a relative pressure range of P/P0 = 0.05–0.25. T-plot
method was used to differentiate mesopore and micropore surface area. The total pore volumes
were estimated from the amount of nitrogen adsorbed at the highest relative pressure (P/P0 of
~0.99).
Figure 3.10 Photo image of Tristar 3000 system.
3.3.5 X-ray photoelectron spectroscopy (XPS)
XPS results were recorded by a Kratos Axis ULTRA X-ray photoelectron spectrometer (Figure
3.11). The atomic concentrations were calculated by the Casa XPS version 2.3.14 software and a
Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak fitting of the
high-resolution XPS results were also carried out using the Casa XPS software and calibrated with
the reference of C 1s peak at 284.8 eV.[6]
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Figure 3.11 Photo image of Kratos Axis ULTRA X-ray photoelectron spectrometer.
3.3.6 Thermogravimetric analysis (TGA)
TGA was performed on a TGA/DSC1 STARe system (Figure 3.12) in nitrogen (40−650 °C, 5 °C
min-1).
Figure 3.12 Photo image of TGA/DSC1 STARe system.
3.3.7 Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were carried out on a Malvern Zetasizer Nano ZS
Instrument (Figure 3.13) at 25 °C.
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Figure 3.13 Photo image of Malvern Zetasizer Nano ZS Instrument.
3.4 Electrochemical measurements
3.4.1 Aqueous electrolyte based supercapacitors
The working electrodes were prepared by loading a mixture of 80 wt% of the as-prepared products,
10 wt% acetylene carbon black, and 10 wt% polytetrafluoroethylene (PTFE) on a nickel foam
(loading density about 0.75 mg cm-2). The prepared electrode was placed in a vacuum drying oven
at 70 °C for 12 h. All electrochemical tests of the working electrodes, including cyclic voltammetry
(CV), galvanostatic charge–discharge, and cycling test, were performed on a the Solartron-Multistat
chemical workstation (Figure 3.14) in a three-electrode setup in which a platinum wire and a
Hg/HgO electrode were used as counter and reference electrode, respectively. The voltage window
Figure 3.14 Photo image of Solartron-Multistat chemical workstation.
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for the CV test was -1.0–0 V with different scan rates from 5–100 mV s-1. The voltage range for the
galvanostatic measurements was also -1.0–0 V and the current densities ranged from 0.5–20 A g-1.
A KOH aqueous solution (6 M) was used as electrolyte. All electrochemical measurements were
carried out at room temperature.
3.4.2 Ionic liquid electrolyte based supercapacitors
The electrodes were prepared by coating the slurry (N-methyl-2-pyrrolidone as the solvent) of the
as-prepared products (70 wt%), acetylene carbon black (15 wt%) and polytetrafluoroethylene (15
wt%) onto nickel foams. The weight of active material in each electrode with a diameter of 13 mm
is around 1 mg (surface density of ~0.75 mg/cm-2). The prepared electrodes were dried in a vacuum
oven at 110 °C for 8 h. The coin-cell structured symmetrical two-electrode supercapacitors were
assembled in an Ar-filled glove box using glass fiber separators. The electrolyte was EMImBF4.
The amount of EMImBF4 in each cell is about 0.1 mL. Electrochemical properties of the
supercapacitors including cyclic voltammetry (CV), galvanostatic charge-discharge profile,
electrochemical impedance spectroscopy (EIS) analyses, and cycling test were performed on the
Solartron-Multistat electrochemical workstation. The voltage window for both CV and
galvanostatic charge-discharge was 0 to 4 V. The scan rates for CV test varied from 10 to 300 mV
s-1. The current densities for galvanostatic charge-discharge ranged from 1 to 20 A g-1. All
electrochemical measurements were carried out at 25 °C. According to the capacitance value (see
supporting information), the energy density and power density (P) can be calculated using the
following equation (1) and (2):
E = (CV2) / 2 (1)
P = E / t (2)
where C is the specific capacitance; V is the real operating voltage; t is the discharge time.
Figure 3.15 Photo image of Ar-filled glove box glove box.
51
3.4.3 Lithium-sulfur battery
The NHMCS based cathode was prepared by mixing the NHMCS (70 wt%), super P (20 wt%), and
sodium alginate binder (10 wt%) in an N-methyl-2-pyrrolidone solvent to form a slurry. The
as-fabricated slurry was then cast onto an aluminum foil and was dried in an oven at 60 °C for 12 h
to obtain a uniformly spread cathode film. Area sulfur loading in each aluminium foil was kept
about 1.1 mg cm-2. Then, CR2032-type coin cells consisting of a lithium metal anode, a Celgard
separator, and the NHMCS-S nanocomposite cathode were assembled in an argon-filled glovebox.
The electrolyte used was consisted of LiTFSI (1 mM) and LiNO3 (0.4 mM) dissolved in
1,3-dioxolane and 1,2-dimethoxyethane (1:1 vol ). Galvanostatic discharge was conducted with
LAND battery tester at 1.5–3.0 V (vs Li/Li+) at room temperature.
Figure 3.16 Photo image of LAND battery tester
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4.1 Abstract
Mesoporous hollow carbon nanospheres (MHCS) have been extensively studied owning to their
unique structural features and diverse potential applications. A surfactant-free self-assembly
approach between resorcinol/formaldehyde and silicon alkoxide has emerged as an important
strategy to prepare MHCS. Extending such a strategy to other substituted phenols to produce
heterogeneous-atomdoped MHCS remains a challenge due to the very different polymerization
kinetics of various resins. Herein, we report an ethylenediamine-assisted strategy to control the
cooperative self-assembly between a 3-aminophenol/formaldehyde resin and silica templates.
Nitrogen-doped mesoporous invaginated carbon nanospheres (N-MICS) with an N content of 6.18
at %, high specific surface areas (up to 1118 m2g-1), large pore volumes (2.47 cm3g-1), and tunable
mesopores (3.7–11.1 nm) have been prepared. When used as electrical double-layer supercapacitors,
N-MICS show a high capacitance of 261 F g-1, an outstanding cycling stability (~94% capacitance
retention after 10000 cycles), and a good rate performance.
4.2 Introduction
Mesoporous carbon nanospheres, due to their defined mesostructure, large surface area, high
porosity, stable chemical property, and good conductivity, have been extensively studied for many
applications, such as adsorption, energy storage, catalysis, and sensor technologies.[1–8] In particular,
mesoporous hollow carbon nanospheres (MHCS) often showed enhanced performances, because
hollow voids can serve to boost the pore volumes and act as a macroporous reservoir for the
improved mass diffusion, volume buffering, or the desired component encapsulation, depending on
their final applications.[9–14]
Conventional approaches for the MHCS preparation can be classified as 1) hard-templating
methods,[10,15–17] in which carbon precursors are casted into preformed mesoporous silica
nanoparticles, and 2) soft-templating methods,[12, 18] in which carbon precursors and surfactants are
assembled at preformed solid nanoparticles. Despite their great success, these conventional methods
usually involve complicated multistep procedures. Recently, it was demonstrated that
resorcinol–formaldehyde (RF) resins polymerize in a similar manner as the sol–gel process of
silicon alkoxides under alkali-catalyzed conditions.[19] Dai and coworkers reported a
“silica-assisted” strategy for the MHCS production, in which silica was cocondensed with a
phenolic resin under simultaneous interaction with cationic surfactants.[20] However, limited by the
phenolic resin precursor and the surfactant-involved templating scheme, only pristine carbon
materials with small mesopores (to 4.7 nm) can be produced. Zheng and coworkers also reported a
silica-assisted polybenzoxazine (PB) coating strategy for nitrogen-doped HCS and nitrogen-doped
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hollow-porous-carbon bowls (N-HPCB), in which silica spheres were used as the templates and
RF/ethylenediamine (EDA) were employed as the PB precursors.[21] However, the obtained
products only possess small mesopores of about 2.5 nm.
More recently, Zhang and coworkers reported a surfactantfree assembly approach to prepare
MHCS through the cooperative assembly between in situ generated silica primary particles and a
RF resin.[22,23] MHCS with controllable morphologies (invaginated or intact spheres, bi- or
triple-layers)[22] and mesopores (4.75–13.9 nm)[23] are obtained through the programed
cocondensation between RF and silica precursors. In essence, the in situ silica-templating strategy
relies on the matching of the condensation rates of two polymerizable systems and their
cocondensation (choosing tetraethoxysilane (TEOS)[22, 23] or tetraphenoxysilane (TPOS)[23] as silica
precursors). Usually, in the mixed polymerization system, the silica precursors experience a
relatively faster polymerization rate than their organic counterparts, and the in situ formed silica
primary particles are the porogens.[23,24] The nucleation of the resin species needs to be initiated
when the silica primary particles have a reasonably high concentration, to implement the
heterogeneous co-condensation of silica and the resin to create MHCS. Till now, the surfactant-free
in situ silica-templating approach has not been applied for substituted phenol derivatives, which
have the potential to create heterogeneous-atom-doped carbon nanomaterials with functional
properties.[6] It is expected that by controlling the polymerization rate of functional phenols with
formaldehyde, heterogeneous-atom-doped MHCS can be prepared in the surfactant-free approach.
Doping nitrogen atoms into a carbon framework is a general and effective strategy to broaden
the application of carbon nanomaterials.[25–32] A 3-aminophenol/formaldehyde resin (APF) is a
polymer system to prepare N-doped carbon nanostructures, since APFs are rich in the nitrogen
content and can be polymerized in base-catalyzed conditions.[33] APF-derived mesoporous carbon
materials have been synthesized by surfactant-templating methods. Yang et al. reported the
synthesis of N-doped hollow carbon spheres by using a APF/silica dual template with Pluronic
surfactants,[34] by which materials with micropore-dominant shells and low porosities were obtained,
which could be ascribed to the weak interaction between the APF precursor and the surfactant.
Recently, Shen and coworkers reported the preparation of N-doped mesoporous carbon single
crystals from a APF.[35] Through the organic–organic selfassembly of a triblock copolymer
surfactant and a APF resin, ordered mesoporous carbon crystals were constructed. However,
determined by the surfactant template, the mesopore diameter is limited to 5.4 nm. To date, a
surfactant-free protocol to synthesize mesoporous carbon with large and tunable mesopores using
APF precursors has not been reported.
Herein, we report the synthesis of N-doped MHCS using a APF with a surfactant-free in situ
silica-templating approach. The polymerization kinetics of the APF and TEOS in the reaction
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system, as well as their cooperative assembly, can be adjusted by simply tuning the added amount
of ethylenediamine. N-doped MHCS with a high N content (6.18 at %), a high specific surface area
(up to 1118 m2g-1), a large pore volume (2.47 cm3g-1), and a tunable mesopore size (3.7–11.1 nm)
were prepared. Because of the highly porous and thin shell, the final products displayed a unique
invaginated sphere morphology, named as N-doped mesoporous invaginated carbon nanospheres
(N-MICS) hereafter. As a demonstration of the application potential, N-MICS were applied as
electrode materials for supercapacitors and exhibited excellent electrochemical performances with a
high specific capacitance (261 F g-1), a superior cycling stability, and a good rate performance.
4.3 Experimental
Synthesis of N-MICS-x.
Typically, an aqueous–alcoholic solution was prepared by mixing ethanol (80 mL) and distilled
water (20 mL) at 25 ℃. Subsequently, an ammonium hydroxide solution (3.125 mL, 28 wt%) was
added under mild stirring. After that, 3-aminophenol (0.5 g), TEOS (3.5 mL), formaldehyde (0.7
mL, 37 wt%), and ethylenediamine (EDA, x=0–0.50 mL) were continuously added into the solution.
The mixture was stirred for 5 h at 25 ℃ and then centrifuged at 4700 rpm to obtain the sediment.
The resulting silica@APF/silica composite-spheres sediment was dried at 50℃ in an oven overnight.
The dried silica@APF/silica composites were calcined under a nitrogen atmosphere in a tube
furnace at 800℃ for 5 h with a heating rate of 2 ℃ min-1. Silica etching was conducted in a 10%
hydrofluoric acid solution. The products were recovered by centrifugation, washed with water and
ethanol, and dried at 50 ℃ overnight. For the mechanism study, the silica templates were also
prepared by calcination of silica@ APF/silica composites at 550℃ in air.
Characterization.
Transmission electron microscopy (TEM) measurements were conducted on a JEOL-1010
microscope operated at 100 kV. Scanning electron microscopy (SEM) images were taken with a
JEOL-7800F field emission electron microscope. The N2-sorption experiments were performed at
77 K on a Micromeritics Tristar 3000 system with micropore analysis. Prior to the measurement,
the samples were degassed at 180 ℃ for 8 h. The Brunauer– Emmett–Teller (BET) specific surface
areas were calculated using adsorption data at a relative pressure (P/P0) range of 0.05–0.25. The
total pore volumes were estimated from the amount of nitrogen adsorbed at the maximum P/P0
value. X-ray photoelectron spectroscopy (XPS) data were acquired using a Kratos Axis ULTRA.
The atomic ratios were calculated using the Casa XPS version 2.3.14 software and a Shirley
baseline with the Kratos library relative sensitivity factors (RSFs).[34] Peak fitting of the
57
high-resolution data was also carried out using the same software. Fourier transform infrared (FTIR)
spectra were recorded on a Thermo Nicolet NEXUS 670 spectrometer.
Electrochemical measurements.
The working electrodes were prepared by loading a mixture of 80 wt% of the as-prepared products,
10 wt% acetylene carbon black, and 10 wt% polytetrafluoroethylene (PTFE) on a nickel foam
(loading density about 0.75 mg cm-2). The prepared electrode was placed in a vacuum drying oven
at 70 ℃ for 12 h. All electrochemical tests of the working electrodes, including cyclic voltammetry
(CV), galvanostatic charge–discharge, and cycling test, were performed on a Solartron-Multistat
chemical workstation in a three-electrode setup in which a platinum wire and a Hg/HgO electrode
were used as counter and reference electrode, respectively. The voltage window for the CV test was
-1.0–0 V with different scan rates from 5–100 mV s-1. The voltage range for the galvanostatic
measurements was also -1.0–0 V and the current densities ranged from 0.5–20 A g-1. A KOH
aqueous solution (6 M) was used as electrolyte. All electrochemical measurements were carried out
at room temperature.
4.4 Results and discussion
The synthesis of N-MICS is schematically illustrated in Figure 4.1. APF resin and TEOS were used
as carbon and silica precursors, respectively. The reactions were conducted in water/ethanol
solutions with ammonia as the catalyst. EDA was the only variable in reaction, in which it served as
the alkaline catalyst and consumed formaldehyde to adjust the APF polymerization rate. At the
solution reaction step, silica@APF/silica composites were assembled with Stöber silica spheres as
the core[22] and APF/silica composites as the shell. The creation of silica core spheres was induced
by the fast polymerization of TEOS, followed by the co-condensation of APF and residual silica
primary particles[22,23]. Afterwards, carbonization and silica etching were performed to produce the
hollow mesoporous carbon products. Owing to the highly porous and thin carbon shell, the hollow
spheres dented when removing silica cores, resulting in an invaginated morphology. By varying the
content of EDA, the co-condensation behaviour, the consequent composite structure, and the final
product can be tuned accordingly. The resulting N-MICS were labelled as N-MICS-x, where x
refers to the amount of EDA. A control experiment without EDA (x=0) was also conducted, in
which the uniform APF/silica shell was not observed.
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Figure 4.1 The schematic illustration of the typical synthesis of N-MICS.
The morphology and structure of N-MICS were characterized by SEM and TEM. Figures S4.1
a-d are SEM images of N-MICS-0.15, N-MICS-0.20, N-MICS-0.25 and N-MICS-0.30. All the four
samples exhibit the invaginated spherical morphology, with a particle size of ~ 200 nm. TEM
images (Figure 4.2 a-d) of these samples confirm their invaginated morphology and the highly
porous nature of shell structure. Estimated from TEM images, the pore sizes of four samples are in
the meso-scale range and show a gradually decreasing trend with increasing EDA amount. The
structures of silica counterparts of N-MICSs (Figure S4.2) were also characterized to support the
structure analysis. After removing APF by calcination in air, the silica particles exhibit solid
spherical morphology in core and radial spikes on surface, which contribute to the dented hollow
voids and mesoporous shells in N-MICS respectively. The decrease in the size of surface spikes is
in good agreement with the pore size change in N-MICSs.
Figure 4.2 TEM images of N-MICS-0.15 (a), N-MICS-0.20 (b), N-MICS-0.25 (c), N-MICS-0.30
(d).
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The nitrogen doping content and bonding configuration was examined by X-ray photoelectron
spectroscopic (XPS) analysis. Based on the XPS survey spectra (Figure 4.3a, Figure S4.3) of
N-MICSs, high N doping contents from 5.24 to 6.18 at% can be recorded. The growth of N content
in these samples well followed the increasing of EDA adding amount, implying the incorporation of
more EDA in APF framework, since it was the only variable in the reaction systems. The N
bonding configurations of N-MICSs were identified by high-resolution N1s XPS spectrum (Figure
4.3b). From the fitting curves simulated by Casa XPS, four typical peaks can be differentiated and
indexed to pyridinic-N (398.2 eV), pyrrolic-N (399.5±0.1 eV), quaternary-N (400.75±0.05 eV) and
oxidized-N, (401.5±0.4 eV), respectively.[35,36]
Figure 4.3 XPS survey spectra (a) and high-resolution XPS spectra of N1s (b) for N-MICS-0.15,
N-MICS-0.20, N-MICS-0.25, and N-MICS-0.30.
Nitrogen (N2) adsorption/desorption measurements (Figure 4.4) were conducted to quantitatively
analyse the pore structure of N-MICS materials. Type IV isotherms with distinct hysteresis loops
can be observed in all four plots, indicating the existence of high meso-porosity. The mesoporous
structural parameters calculated from N2 adsorption/desorption isotherms were presented in Table
S1. N-MICS materials exhibit high surface areas (800 to 1118 m2 g-1), large pore volumes (1.74 to
2.47 cm3 g-1) and distinguished mesopore size distributions (Figure 4.4 inset). Noticeably, the pore
sizes experience a continuous decreasing (8.6 to 4.3 nm) from N-MICS-0.15 to N-MICS-0.30,
demonstrating that the pore size of N-MICS can be controlled by tuning the amount of EDA.
Figure 4.4 N2 adsorption/desorption isotherms and the corresponding pore size distributions (inset)
of N-MICS-0.15, N-MICS-0.20, N-MICS-0.25, and N-MICS-0.30.
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The importance of EDA can be reflected by the control experiment (x=0). Without EDA,
independent nucleation of APF spheres (Figure S4a) and non-homogeneous coating of APF on the
outer surface of dense silica spheres were evidenced (Figure S4.4b,c), suggesting unsuccessful
co-condensation between silica and APF in the shell. Eventually, only nonporous carbon without
well-defined morphology was generated (Figure S4.4c). When x was increased, the
non-homogeneous coating of APF on silica was observed at x=0.1, but a homogenous coating
started at x=0.15-0.50 (Figure S4.5). It is noted that when x was 0.50, only microporous carbon
with a low surface area and pore volume was obtained (Figure S4.6, Table S1). Increasing the EDA
addition from 0.10 to 0.35 ml led to mesoporous carbon nanostructures with decreased mesopore
sizes (11.1 to 3.7 nm, Table S4.1). Our observations indicate that EDA facilitates the cooperative
assembly between silica and APF to form a composite silica/APF shell for the formation of
N-MICS.
The role of EDA in the assembly of APF/silica was examined by FTIR analysis (Figure S4.7).
The cation derived from EDA hydrolysis (Scheme S4.1, equation 1) can be electrostatically
adsorbed onto the negatively charged Stöber silica surface,[12] generating a new peak at 1540 cm-1
(N-H bending). The electrostatic interaction between EDA and silica was also evidenced by zeta
potential measurements. After the EDA addition, the zeta potential of silica particles shifted
positively, from -31.2 to -25.8 mV (Figure S4.8). On the other side, EDA can also react with
formaldehyde and participate in the APF crosslinking (Scheme S4.1, equation 2).[36] Reflected in
the FTIR spectrum of silica+APF+EDA, a new peak located at 1507 cm-1 was detected, which can
be attributed to the vibration of C=N formed by EDA and formaldehyde.[37] Through the
interactions with both silica and APF, EDA bound them together, improved their affinity, and
eventually induced the regular assembly (illustrated in Figure 4.1). Control experiment using
primary amine-ethanolamine-to substitute EDA failed to induce uniform APF/silica assembly
(Figure S4.9), further demonstrating the importance of EDA.
To further understand the influence of EDA amount on the final structure, pH values of the
reaction solutions were recorded since both silica and APF polymerisations were catalysed by
alkalis. With the rising of EDA content (0 to 0.50 mL), the solution pH kept increasing from 11.63
to 12.12 (Table S4.2) because of the alkaline characteristic of EDA. The increasing pH had
significant influences on the polymerization systems. Taking EDA amount of 0.25 mL for instance,
the slightly pH raising (0.30) remarkably improved the polymerisation rate of APF. The cloudy time
of pristine APF polymerisation suspension occurred ~30 min earlier in comparison to the EDA-free
counterpart (90 vs 120 min, Figure S4.10). The pH increase posed also impact on pure TEOS
hydrolysis-condensation. The suspension turned cloudy at 5 min, a bit earlier (~3 min) than the one
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without EDA (Figure S4.11), suggesting the nucleation of silica core particles occurs much earlier
than that of APF.
An EDA-assisted cooperative assembly mechanism is summarized as follows. When EDA is
used, the enhanced interaction between silica and APF (Figure 4.1) assists the cooperative assembly
between silica primary particles and APF to form a composite shell on Stöber core particles.
Moreover, because the silica primary particles are in situ generated,[23,24] the addition of EDA assists
a faster APF nucleation (Figure S4.10) and allows for a longer time window for the cooperative
assembly.[22] However, when the EDA amount is higher (e.g., higher than 0.30 mL), more
formaldehydes are consumed (Scheme S4.1, equation 3) forming Schiff bases, thus the APF
polymerization and the silica-APF assembly is retarded. This mechanism further is supported by
TGA measurements of silica@APF/silica composites (Figure S4.12). With the amount of EDA
raised from 0.15 to 0.25 mL, the APF weight percentage in the silica@APF/silica composite
reached a maximum, further increasing the EDA amount to 0.50 mL only witnessed a drop in APF
proportions.
The structural parameters including the mesopore size and surface area affected by the EDA
amount can be explained by our mechanism. When the EDA amount is increased from 0.1 to 0.25
mL, the increasing APF weight ratio caused by its accelerated nucleation leads to a reduction in the
concentration of encapsulated silica primary particles, thus the silica domain size in APF/silica
composite shells and consequently the mesopore size decreases. Further increasing the EDA
amount to 0.3-0.5 mL favors (favor to form Schiffbase but not the polymerization with
3-aminophenol and formaldehyde) the formation of Schiff bases, consequently the APF precursors
available for forming the APF/silica composite shell is reduced (Figure S4.6). Moreover, the
increased pH at higher EDA amounts could decrease the lifetime of silica primary particles
available for APF/silica shell assembly (Table S4.2), thus the pore size further decreases. At the
EDA amount of 0.50 mL, the silica primary particles are almost consumed (before the
polymerization of APF), therefore only microporous carbon with a very low surface area and pore
volume is obtained. In the EDA amount range of 0.10-0.25 mL, the increase in surface area is
consistent with the decreased mesopore size because smaller pores contribute to higher surface
areas. Increasing EDA amount from 0.30 to 0.50 mL leads to reduced amount of silica primary
particles in the composite shell and eventually decreased surface areas.
The N-MICS mesostructure can be further tuned by varying the ammonia content. When
increasing ammonia from 3.125 to 3.625 mL at EDA amount of 0.25 mL, a mesopore size
decreasing from 5.4 to 3.9 nm and a large surface area reduction from 1118 to 640 m2 g-1 were
observed (Figure S4.13).
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To demonstrate the application potential, N-MICS with high specific surface areas and
conductive N-doped carbon frameworks were applied as electrode materials for electrical double
layer supercapacitors. Cyclic voltammetry (CV) and galvanostatic charging-discharging tests were
performed in a 6 M KOH solution by selecting N-MICS-0.25 as the typical active material due to its
highest specific surface area. Figure 4.5a shows the CV curves of N-MICS-0.25 at the scan rate of 5,
10, 50 and 100 mV s-1. The results display quasi-rectangular voltammogram shape within a
potential window between 0 and -1.0 V, displaying a clear electric double-layer capacitance
behaviour.[38-41] In addition, the CV pattern of N-MICS-0.25 electrode retains its identical basic
shapes at different scan rates, indicating the stable and reproducible electrochemical performances.
The galvanostatic charge-discharge curves of N-MICS-0.25 at the current density of 0.5, 1, 2, 5,
10, 20 A g-1 are shown in Figure 4.5b. The curves show regular triangular shapes between 0 and
-1.0 V versus the standard Hg/HgO electrode. The calculated specific capacitances of N-MICS-0.25
at the current density of 0.5, 1, 2, 5, 10, 20 A g-1 are 261, 224, 204, 181, 154 and 118 F g-1 (as
shown in Figure 4.5c), respectively. The specific capacitances of N-MICS-0.15, N-MICS-0.20 and
N-MICS-0.30 at different rates were also measured and presented in Table S4.3. The capacitances
of these samples at different current rates are all positively correlated with their total surface areas,
especially in linear correlation with mesopore surface areas at 0.5 A g-1 (Figure S4.14), indicating
the capacitance is majorly contributed by mesopore surface. The rate retention evaluation (Table
S4.3) demonstrates the good rate performances of N-MICS samples, despite a relatively low
retention (42%) of N-MICS-0.30 which is ascribed to the unfavourable electrolyte diffusion / ion
transportation limited by its small mesopore size (4.3 nm).[23,42,43] N-MICS-0.35 also with a small
mesopore size (3.7 nm) exhibits a similarly low rate retention (41% at 20 A g-1, Table S4.3), further
indicating that small mesopores are disadvantageous for high-rate supercapacitor applications. The
long-term cycle stability of the N-MICS-0.25 electrode was also evaluated by galvanostatic
charge-discharge test at a current density of 5 A g-1 for 10000 cycles, as shown in Figure 4.5d. After
10000 cycles, the specific capacitance of N-MICS-5 electrode is 171 F g-1 and 94% retention of
initial capacitance (181F g-1), indicating excellent cycle stability of the electrode. The unique
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Figure 4.5 CV (a) galvanostatic charge-discharge (b) specific capacitance calculated from
galvanostatic charge−discharge curves (c) and cycling stability (5 A g-1, 6 M KOH) (d) curves
measured for N-MICS-0.25.
invaginated spherical morphology of N-MICS can increase their packing density by ~30 % as
electrode materials, in comparison to their intact hollow counterpart (Figure S4.15).
4.5 Conclusions
In summary, an EDA-assisted cooperative assembly strategy for surfactant-free synthesis of
nitrogen-doped mesoporous carbon has been developed. By simply adjusting the addition amount of
EDA, the assembly between APF and silica can be finely adjusted, resulting in N-MICS materials
with a high N content (6.18 at%), high specific surface area (up to 1118 m2 g-1), large pore volume
(2.47 cm3 g-1), and tunable mesopores (3.7 to 11.1 nm). N-MICSs demonstrated outstanding
electrochemical performances as electrode materials for supercapacitors, showing a high specific
capacitance (261 F g-1), superior cycling stability and good rate performance. The material and the
synthesis strategy reported herein open new opportunities in the development of functional hollow
carbon nanospheres with tunable mesoporous structure for diverse applications.
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Supporting Information
Figure S4.1 SEM images of N-MICS-0.15 (a), N-MICS-0.20 (b), N-MICS-0.25 (c), N-MICS-0.30
(d).
Figure S4.2 TEM and SEM images of the silica templates corresponding to N-MICS-0.15 (a, e),
N-MICS-0.20 (b, f), N-MICS-0.25 (c, g), N-MICS-0.30 (d, h).
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Figure S4.3 XPS survey (a) and high-resolution N1s spectra (b) of N-MICS-0.
Figure S4.4 TEM images of the samples without adding EDA: (a) silica@APF/silica sphere; (b)
silica spheres after calcination in air; (c) carbon product.
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Figure S4.5 TEM images of silica@APF/silica spheres with different amount of EDA. (a) 0 mL, (b)
0.1 mL,(c) 0.15 mL, (d) 0.20 mL, (e) 0.25 mL, (f) 0.30 mL, (g) 0.35 mL, (h) 0.50 mL.
Figure S4.6 TEM images of N-MICS-0.10 (a), N-MICS-0.35 (b), and N-MICS-0.50 (c).
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Figure S4.7 FTIR spectra of silica, silica + EDA and silica + APF + EDA spheres.
Figure S4.8 Zeta potential change of silica particles in water/ethanol/ammonia solution before and
after adding EDA.
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Figure S4.9 TEM images of APF/silica by using ethanolamine (0.25 mL) instead of EDA. APF and
silica polymerized independently and severe separation of APF and silica was observed.
Figure S4.10 Time resolved photographs for recording the colour change of APF+EDA reaction
solution. The volume of ethanol and water, 80 mL and 20 mL; ammonia, 3.125 mL, 3-aminophenol,
0.50 g, formaldehyde 0.70 mL, EDA, 0.25 mL.
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Figure 4.11 Time resolved photographs for recording the colour change of silica, silica+EDA. The
volume of ethanol and water, 80 mL and 20 mL; ammonia, 3.125 mL, EDA, 0.25 mL, TEOS, 3.5
mL.
Figure S4.12 (a) TGA results of the five silica@APF spheres with adding different amount of EDA;
(b) the calculated APF percentage versus EDA amount in the five silica@APF spheres.
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Figure S4.13 Structural characterization of N-MIC sample prepared at 0.25 mL EDA and 3.625 mL
ammonia condition. (a) Typical TEM image; (b) Nitrogen adsorption/desorption isotherms and the
corresponding pore size distribution (inset). Specific surface area: 640 m2 g-1; pore volume: 1.28
cm-3 g-1.
Figure S4.14 Supercapacitor capacitances of N-MICSs (current density of 0.5 A g-1) versus their
mesopore surface areas.
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Figure S4.15 Characterization of nitrogen-doped mesoporous hollow carbon spheres
(N-MHCS-0.25). (a) TEM image; (b) Nitrogen adsorption/desorption isotherms and the
corresponding pore size distribution (inset); (c) Packing density comparison of N-MICS-0.25 (left)
and N-MHCS-0.25 (right); (d) Galvanostatic charge-discharge curves of N-MHCS-0.25.
MHCS-0.25 was prepared at the synthesis conditions of N-MICS-0.25 but with 8 h reaction time.
MHCS-0.25 shows an intact hollow spherical morphology, and has a specific surface area of 703
m2 g-1, a pore volume of 1.32 cm3 g-1 and a broad pore size distribution peaked at 5.5 nm. The
specific capacitances of MHCS-0.25 at the current density of 0.5, 1, 2, 5, 10, 20 A g-1 were
measured to be 186, 163, 145, 126, 107 and 82 F g-1 respectively.
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Table S4.1 Textural properties of of N-MICS-0.10, N-MICS-0.15, N-MICS-0.20, N-MICS-0.25,
N-MICS-0.30, N-MICS-0.35, N-MICS-0.50.
Samples
Specific
surface area
(m2 g-1)
Total pore
volume
(cm3 g-1)
D-pore
size
(nm)
Micropore
area
(m2/g)
Mesopore
area
(m2/g)
N-MICS-0.10 577 2.20 11.1 182 395
N-MICS-0.15 800 2.47 8.6 144 656
N-MICS-0.20 819 1.81 7.2 97 722
N-MICS-0.25 1118 2.22 5.4 50 1054
N-MICS-0.30 1097 1.74 4.3 43 1068
N-MICS-0.35 812 1.28 3.7 58 754
N-MICS-0.50 188 0.16 <2 97 91
Table S4.2 Measurement of pH with increasing the amount of EDA. 80 ml ethanol, 20 ml water
and 3.125 ml ammonia.
EDA amount (mL) pH value
0 11.63
0.1 11.81
0.15 11.85
0.20 11.91
0.25 11.93
0.30 11.99
0.35 12.02
0.50 12.12
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Table S4.3 Electrochemical performances of N-MICS materials for supercapacitors.
N-MICS-0.15 N-MICS-0.20 N-MICS-0.25 N-MICS-0.30 N-MICS-0.35
0.5 A g-1
235 F g-1;
100 %
240 F g-1;
100 %
261 F g-1;
100 %
260 F g-1;
100 %
238 F g-1;
100 %
1 A g-1
200 F g-1;
85 %
206 F g-1;
86 %
224 F g-1;
86 %
221 F g-1;
85 %
202 F g-1;
85 %
2 A g-1
180 F g-1;
77 %
188 F g-1;
78 %
204 F g-1;
78 %
200 F g-1;
77 %
184 F g-1;
77 %
5 A g-1
158 F g-1;
67 %
164 F g-1;
68 %
181 F g-1;
69 %
174 F g-1;
67 %
161 F g-1;
67 %
10 A g-1
136 F g-1;
58 %
140 F g-1;
58 %
154 F g-1;
59 %
148 F g-1;
57 %
136 F g-1;
57 %
20 A g-1
103 F g-1;
44 %
106 F g-1;
44 %
118 F g-1;
45 %
111 F g-1;
42 %
99 F g-1;
41 %
Scheme S4.1 Representation of possible 3-Aminophenol−Formaldehyde− Ethylene- diamine
reactions.
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5.1 Abstract
Ionic liquid based supercapacitors generally using nanoporous carbon as electrode materials hold
promise for future energy storage devices with improved energy density, but their power
performances are limited by the high viscosity and relatively large size of ionic liquid electrolytes.
Understanding the relationship between the pore size of nanoporous carbon, the ionic liquid
electrolyte diffusivity and the energy/power density is critical for the development of ionic liquid
based supercapacitors with high performance. Herein, we report the synthesis of single-layered
mesoporous carbon sandwiched graphene nanosheets (sMC@G) with mesopore-dominant (82% ~
89%) high surface area and tunable mesopore sizes (4.7, 6.8, 9.4, 10.6 and 13.9 nm). When using
1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4) as the electrolyte with a cation size of
0.76 nm, it is demonstrated that the ion diffusion coefficient increases little when the mesopore size
is not larger than 6.8 nm, then jumps dramatically in the range of 6.8-10.6 nm. When the pore size
is enlarged to 13.9 nm, the ion diffusion coefficient increases slightly, approaching the bulk
diffusion coefficient of the electrolyte. A size ratio of mesopore over electrolyte ion of 14 is
recommended for fast ion/electrolyte transport and therefore improves the power density (14.7 kW
kg-1 at 20 A g-1) without compromising the energy density (130 Wh kg-1 at 1 A g-1). The
performance of sMC@G is superior to other porous carbon materials used in ionic liquid electrolyte
supercapacitors.
5.2 Introduction
The development of high performance electrical energy storage systems is critical for the
application of energy from renewable sources.[1-3] Electrochemical double-layer supercapacitors
have shown extraordinary power density, ultra-fast charge/discharge rate and very long cycling
life,[1-5] but lower energy density compared to rechargeable batteries.[1,6-8] The energy density can be
enhanced by increasing either the capacitance or operation voltage.[1,3,4,7,8] The capacitance of
supercapacitors can be improved by controlling the nanoporous structure of carbon materials.[9-14]
Compared to conventional electrolytes used in supercapacitors, ionic liquid electrolytes enable
supercapacitors to operate at high voltages up to 4 V, which also increase the energy density
significantly.[8,15-17] However, in contrast to conventional aqueous/organic electrolytes,[4,18,19] ionic
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liquid electrolytes have higher viscosity and larger ion sizes,[17,20] limiting both energy and power
performance of ionic liquid based supercapacitors.[6,7,15,21]
Understanding the fundamental relationship between the structure of carbon, the diffusivity of
electrolyte and the energy/power density is vital to the design of advanced electrode materials and
high-performance supercapacitors. In aqueous/organic electrolyte based supercapacitors, the
relationship between electrochemical performance and carbon structure, such as specific surface
area, pore size distribution, pore shape and alignment, has been extensively reported in the past
decades.[22-30] In contrast, there are limited reports on the effect of pore size on energy/power
performance in ionic liquid based supercapacitors.[5,24] By using carbide derived carbons in an ionic
liquid electrolyte based system, Largeot and co-workers observed that a maximum capacitance of
~160 F g-1 was achieved when the pore sizes were very close to the ion sizes,[24] but the power
performance is restricted due to the slow ion transport in micropore dominant carbon materials.31
To facilitate the ion transport, mesopores have been introduced into carbide derived carbons with
improved energy/power density at high current densities.[31,32] In order to understand the influence
of mesopore size on capacitance/rate performance, Sillars and co-workers used activated carbon
xerogels and showed that the best capacitance (210 F g-1) was achieved at a pore size of 3.5 nm
while the best rate performance at 6 nm.[5] However, the mesopore surface area of carbon xerogels
created by alkaline activation accounted for less than 15% of the total surface, whether the
conclusion derived from micropore-dominant xerogels is applicable in mesopore-dominant carbon
materials is a question mark.[33,34]
Two dimensional (2D) mesoporous carbon materials have attracted a growing interest for
capacitive electrical energy storage due to their high lateral size/thickness aspect ratio, short
ion/electrolyte diffusion length and highly accessible pore structures.[34-36] Liu et al. reported the
synthesis of ordered mesoporous carbon/graphene aerogel with a single-layered mesopore size of
~9.6 nm for aqueous electrolyte based supercapacitor applications.[37] Wei et al. synthesized
nitrogen-doped single-layered mesoporous carbon nanosheets with pore sizes of 2, 7 and 22 nm,
and further demonstrated the relationship between the pore size and oxygen reduction reaction
performance.[38] The structure of a single-layered mesopore deposited on graphene with finely
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tunable pore sizes is an ideal platform to study the ion diffusivity and energy/power performances
as a function of mesopore size, but not reported to date to the best of our knowledge.
Herein, we report the synthesis of single-layered mesoporous carbon sandwiched graphene
nanosheets (sMC@G) for high-performance ionic liquid based supercapacitors (Figure 5.1).
sMC@G products have mesopore-dominant high surface area and finely tunable mesopore sizes
(4.7 to 13.9 nm), providing a platform for the investigation of pore size dependent ion diffusion
behavior in mesopores. A new understanding of ion diffusion coefficient as a function of mesopore
size is revealed. When using EMImBF4 as the electrolyte (cation size of 0.76 nm), the ion diffusion
coefficient changes dramatically in the mesopore size range of 6.8-10.6 nm, then slightly increases
when the pore size is further enlarged and approaches the bulk diffusion coefficient of the
electrolyte. The power density of sMC@G with a pore size 10.6 nm is improved (14.7 kW kg-1 at
20 A g-1) without compromising the energy density (130 Wh kg-1 at 1 A g-1), superior to other
porous carbon electrode materials in ionic liquid supercapacitors.[8,15,29-33,39-44]
Figure 5.1 Schematic illustration of mesopore size dependent ion diffusion coefficient and the
power performance of ionic liquid supercapacitors.
5.3 Experimental
Material Synthesis
In a typical synthesis, a mixed solvent was prepared by blending ethanol (80 mL) and distilled
water (13.3 mL) at 25 °C GO (0.1 g) was subsequently dispersed into the solution by
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ultrasonication and stirring. Then, ammonium hydroxide solution (3.125 mL, 28 wt%) was added
into the GO suspension under mild stirring. After that, 3-aminophenol (0.5 g), formaldehyde
solution (1 mL, 37 wt%), ethylenediamine (EDA) (0.25 mL) and tetraethyl orthosilicate (TEOS)
(0.25 to 2.5 mL) were continuously added into the solution. The mixture solution was kept stirring
for 5 h at 25 °C and then centrifuged at 4700 rpm (5 min) to obtain the sediment. The resulting
sediment was dried at 100 °C overnight and then carbonized for 3 h at 700 °C under nitrogen
atmosphere in a tube furnace. After that, hydrofluoric acid (HF) etching was conducted in 40 mL
10% HF solution. Then, HF was washed by water through repeated centrifugation at 4700 rpm (10
min). Finally, the products were dried at 70 °C in a vacuum oven.
Materials characterizations
Transmission electron microscopy (TEM) measurements were conducted on a Tecnai F20
microscope operated at 200 kV. Cypher S atomic force microscope (AFM, Asylum Research, an
Oxford Instruments company) was used for the sample thickness measurements. The images were
obtained by employing the tapping mode using Al-coated silicon probe with tip radius of 2 nm
(NANOSENSORS™, Switzerland). Electron tomography was performed with an FEI Tecnai F30
transmission electron microscope operating at 300 kV. Samples were deposited onto the formvar
film of copper grids (hexagonal mesh). Colloidal gold particles (10 nm) were deposited on both
sides of the grid as fiducial markers. TEM images were digitally recorded at a given defocus in the
range of +65° to -65° with increment of 1°. Data processing was carried out by IMOD software.
Elemental mapping was conducted using an FEI Tecnai F20 FEG-STEM equipped with an
energy-dispersive X-ray (EDX) spectrometer operating at 200 kV. The nitrogen (N2)
adsorption/desorption measurements were performed at 77 K on a Micromeritics Tristar 3000
system with micropore analysis. Prior to the measurement, the samples were degassed at 250 °C for
8 h. The pore size distribution was calculated using adsorption branch by the
Barrett-Joyner-Halenda (BJH) method. The Brunauer-Emmett-Teller (BET) specific surface areas
were calculated using adsorption data at a relative pressure range of P/P0 = 0.05–0.25. T-plot
method was used to differentiate mesopore and micropore surface area. The total pore volumes
were estimated from the amount of nitrogen adsorbed at the highest relative pressure (P/P0 of ~0.99).
X-ray photoelectron spectroscopy (XPS) results were recorded by a Kratos Axis ULTRA X-ray
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photoelectron spectrometer. The atomic concentrations were calculated by the Casa XPS version
2.3.14 software and a Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak
fitting of the high-resolution XPS results were also carried out using the Casa XPS software.
Electrochemical measurements
The electrodes were prepared by coating the slurry (N-methyl-2-pyrrolidone as the solvent) of the
as-prepared products (70 wt%), acetylene carbon black (15 wt%) and polytetrafluoroethylene (15
wt%) onto nickel foams. The weight of active material in each electrode with a diameter of 13 mm
is around 1 mg (surface density of ~0.75 mg/cm-2). The prepared electrodes were dried in a vacuum
oven at 110 °C for 8 h. The coin-cell structured symmetrical two-electrode supercapacitors were
assembled in an Ar-filled glove box using glass fiber separators. The electrolyte was EMImBF4.
The amount of EMImBF4 in each cell is about 0.1 mL. Electrochemical properties of the
supercapacitors including cyclic voltammetry (CV), galvanostatic charge- discharge profile,
electrochemical impedance spectroscopy (EIS) analyses, and cycling test were performed on the
Solartron-Multistat electrochemical workstation. The voltage window for both CV and
galvanostatic charge-discharge was 0 to 4 V. The scan rates for CV test varied from 10 to 300 mV
s-1. The current densities for galvanostatic charge-discharge ranged from 1 to 20 A g-1. All
electrochemical measurements were carried out at 25 °C. According to the capacitance value (see
supporting information), the energy density and power density (P) can be calculated using the
following equation (1) and (2):
E = (CV2) / 2 (1)
P = E / t (2)
where C is the specific capacitance; V is the real operating voltage; t is the discharge time.
5.4 Results and Discussion
Material and Structure
As demonstrated in Scheme S5.1, different from previous reports where polymer/silica
self-assembled in solution,[45] the synthesis of sMC@G materials involves the cooperative assembly
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of silica aggregates and APF resin on the surface of GO nanosheets to form APF/silica@GO
composites. Typically, GO nanosheets (Figure S5.1a) prepared by Hummers' method were
dispersed into an ethanol/water solution.[46] The thickness of GO measured by AFM is ~1 nm
(Figure S5.1b-c). 3-aminophenol/formaldehyde (APF) resin and tetraethyl orthosilicate (TEOS)
were used as carbon and silica precursors, respectively. Ammonia and ethylenediamine (EDA) were
employed as catalysts. Carbonization converted APF to nitrogen-doped carbon and thermally
reduced GO to graphene, producing carbon/silica@G composites. The final sMC@G materials
were obtained by etching silica. By varying TEOS amount, the final products are denoted
sMC@G-x, where x refers to samples with different TEOS amounts (1: 2.5 mL; 2: 2.0 mL; 3: 1.5
mL; 4: 1.0 mL; 5: 0.25 mL).
TEM was used to reveal the structure of sMC@G-1 as a typical sample. As shown
Figure 5.2 Structure characterization of sMC@G-1. (a) A typical TEM image of sMC@G-1; (b)
and (c) are the corresponding carbon and nitrogen element mapping images; (d) An ET
cross-section slice of sMC@G-1 nanosheet; (e) A representative AFM image and the corresponding
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thickness analysis of a sMC@G-1 nanosheet; (f) N2 adsorption/desorption isotherms and the pore
size distribution (inset) of sMC@G-1.
in Figure 5.2a, sMC@G-1 exhibits a thin sheet-like morphology with surface wrinkles. Numerous
mesopores with large sizes (> 10 nm) spread across the whole nanosheet surface, forming a 2D
mesoporous layer. The elemental mapping images shown in Figure 5.2b and c indicate a nitrogen
containing carbon framework originated from APF resin. Determined by XPS survey spectra
(Figure S5.1f), the nitrogen content in sMC@G-1 was 7.04 at%.
It is difficult to use conventional TEM images to reveal the layer number of mesopores coated on
graphene nanosheets. Therefore, electron tomography (ET) technique was adopted to reveal this
structure information of sMC@G-1. A series of tilted images were taken in the range of +65o to
-65o with an increment of 1o.[47-49] The electron tomogram was generated from two perpendicular
tilting series using IMOD software.[50,51] The ET slice (Figure. 5.2d) that cuts perpendicular to the
nanosheet plane of sMC@G-1, exhibits a clear sandwich-like structure of ~25 nm thickness
composed by a pair of single mesopore layer clamped on both sides of a graphene sheet. The
mesopores show a nearly oval-like shape with a short pore depth (~10 nm) and a relatively large
pore width (~14 nm). AFM analysis (Figure 5.2e) further confirms that sMC@G-1 has a nanosheet
morphology with a uniform thickness of 22.5 nm, close to the results obtained from ET analysis.
Nitrogen adsorption/desorption measurements of sMC@G-1 (Figure 5.2f) show type IV
isotherms with an obvious hysteresis loop, typical of mesoporous materials with large pores.[52]
sMC@G-1 exhibits a high pore volume of 1.95 cm3 g-1 and a large total specific surface area of 936
m2 g-1, larger than 146 m2 g-1 of pure reduced GO (Figure S5.1d and Table S5.1). Analyzed by t-plot
method, the micropore surface area only accounts for a small percentage of 11 %, revealing a
mesopore surface area (832 m2 g-1) dominant structural feature. This can be attributed to its
single-layered mesopore nature with thin pore wall that was measured to be only ~3 nm. The pore
size distribution is shown in inset of Figure 5.2f, presenting a pore size distribution peaked at 13.9
nm, which is consistent with the mesopore width observed from ET analysis (Figure 5.2d).
The mesopore size of sMC@G can be easily tuned by adjusting the initial concentration of TEOS.
sMC@G-2, sMC@G-3, sMC@G-4 and sMC@G-5 are four materials prepared using gradually
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decreased TEOS amount. Their porous structure characterizations are shown in Figure 2. TEM
images of these four materials (Figure 5.3a-d) all exhibit nanosheet-like morphology with highly
Figure 5.3 TEM images of (a) sMC@G-2, (b) sMC@G-3, (c) sMC@G-4, (d) sMC@G-5 samples;
(e) and (f) are their N2 adsorption/desorption isotherms and pore size distributions.
mesoporous structures. From sMC@G-2 to sMC@G-5, the mesopore sizes estimated from the
TEM observation show a gradually decreasing tendency. The N2 adsorption/desorption analysis
supports the conclusion (Figure 5.3e, f). The pore sizes decrease from 10.6 to 4.7 nm, showing a
fine mesopore size control with a step size of ~2 nm. The pore volume and specific surface area of
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these four materials also show a similarly declining tendency with decreasing in TEOS amount. The
highest total specific surface area recorded in sMC@G-2 is due to its relatively high micropore
surface area (Table S5.1).
Formation Mechanism of Single-Layered Mesopore
The heterogeneous cooperative assembly of silica and APF on GO surface is essential for the
successful formation of sMC@G structures. Different from previously reported mesoporous
carbon/graphene aerogel[37] or single-layered mesoporous carbon nanosheets[38] using pre-formed
micelle or silica sphere templates, the template in our synthesis arises from a dynamic siliceous
polymerization system, which gives the flexibility for adjusting the mesopore size at ~2 nm
precision. To understand the mechanism, a time-dependent study was conducted to monitor the
solution reaction process of sMC@G-1 synthesis. Figure S5.2 presents typical TEM images of
APF/silica@GO composites as a function of reaction time. At 10 min, tiny dots with sizes of around
2-3 nm can be observed on GO surface (Figure S5.2a). By energy-dispersive X-ray spectroscopy
(EDX) element analysis (Figure S5.3), the composition of these dots can be identified to be silica,
indicating that silica primary particles arising from the hydrolysis and condensation of TEOS
deposit on the GO surface.[53,54] These silica primary particles constitute relatively large aggregates
(5-10 nm) on GO surface at 20 min (Figure S5.2b). From 30 min to 5 h, the silica aggregates
continue to grow and reach the size of ~15 nm, very close to the mesopore size of sMC@G-1
(Figure S5.2c-f). This observation reveals that the silica templates are in-situ formed on GO surface
by primary particles aggregation (Scheme S5.1), which also explains the oval-like mesopore shape.
The evolution of silica aggregates is clearly observed from TEM images. However, the growth of
APF is hard to be monitored just by TEM observations, due to the low contrast of APF resin. Thus,
XPS survey spectra (Figure S5.4a) was further conducted to record the carbon and silicon content
change as a function of the reaction time for sMC@G-1. XPS specimens were obtained through
separating precipitations from the reaction suspension (extracting 5 mL for each time point).
According to XPS analysis results, the carbon content experiences a decrease from 10 to 20 min,
and then increases constantly afterwards. Meanwhile, the silicon undergoes an opposite trend
showing a content raising before 20 min and the subsequent decreasing until 5 h. The XPS results,
combined with the TEM observations (Figure S5.2), suggest that the deposition of silica on GO
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starts within 10 min while the growth of APF on GO substrate is hindered until ~20 min. The late
deposition of APF can also be reflected by the nitrogen content that starts to increase from 20 min
(Figure S5.4a), peaks at 400.7 eV).
EDA is crucial for the formation of well-defined mesopores on graphene surface. Previously we
have demonstrated that EDA can be adsorbed on negatively charged silica surface and react with
APF resin simultaneously.[45] In the control experiment without EDA addition, the time-depend
XPS analysis shows that the silicon content raises continuously from 10 min to 2 h (Figure. S5.4b),
implying that the affinity between silica primary particles and GO surface is not affected by the
absence of EDA.[55] In contrast, the growth of APF is largely retarded. The carbon and nitrogen
contents did not increase until 5 h reaction time. The delayed deposition of APF can be attributed to
its slow polymerization rate at relatively lower pH when EDA is absent.[45] Moreover, the affinity
between silica primary particles and APF oligomers is weakened,[45] which leads to a non-uniform
assembly on GO surface. Consequently, the final product only exhibits irregular pore structure with
a broad pore size distribution and relatively low porosity (surface area of 501 m2 g-1 and pore
volume of 1.09 cm3 g-1, Figure S5.5).
Another control experiment using a high amount of TEOS (3 mL, > 2.5 mL for sMC@G-1)
produced a similar structure as sMC@G-1 (Figure S5.6), but also separated porous carbon particles.
This observation suggests that a high TEOS content would generate excessive silica primary
particles and result in the homogenous APF/silica cooperative assembly in solution, similar to the
literature report in the absence of GO nanosheets.[45] Compared with sMC@G-1, product of this
control experiment shows slightly reduced mesopore size (12.98 nm) and surface area (830 m2 g-1),
due to the consumption of silica primary particles during the homogenous APF/silica assembly in
solution.
From the time-dependent study and control experiments, an interfacial cooperative assembly
mechanism is proposed and illustrated in Scheme S5.1. In the mixed polymerization system
containing GO nanosheets, TEOS experiences a relatively faster polymerization rate than APF, and
generates silica primary particles in solution.[45,47,48] The alcoholate (SiOR) groups derived from
incomplete TEOS hydrolysis[53,54] render silica primary particles mild hydrophobicity for their
interactions with GO,[55] which initiates the nucleation of silica on the GO surface. After the silica
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nucleation sites are formed, further deposition of silica primary particles tends to form island-like
aggregates, instead of homogenous coatings on GO nanosheets, suggesting a Volmer-Weber growth
mode.[56] This is explained by the interaction of silica primary particles through further
condensation is energetically favourable compared to the interaction of silica primary particle and
GO surface.
The growth of APF starts at ~20 min. Assisted by EDA, cooperative assembly of APF oligomers
and silica primary particle aggregates leads to the formation of single-layered composite coatings,
in which the silica aggregates act as the porogens and eventually produce sMC@G structures. The
structural parameters including mesopore size, mesopore surface area and pore volume affected by
the TEOS amount can be explained by this mechanism. When TEOS amount raises from 0.25 to 2.5
mL, the size of silica aggregates keeps growing because of the increased concentration of silica
primary particles. Consequently, the mesopore size, mesopore surface area and total pore volume
increase (Table S5.1).
Supercapacitor Electrochemical Performance
sMC@G materials with a single-layered 2D mesopore structure, tunable mesopore sizes and
mesopore-dominant high surface areas are ideal for supercapacitor applications, especially for the
study of the contribution of mesopore size on energy/power performances. The capacitive
electrochemical performances of sMC@G were evaluated in a symmetrical two-electrode
supercapacitor by using EMImBF4 as the electrolyte with the operating voltage of 4 V. Cyclic
voltammetry (CV) scanning of five sMC@G supercapacitors at different scan rates was performed
and the results are shown in Figure S5.7. All five CV curves exhibit quasi-trapezoid shapes with
tiny redox peaks, indicating the existence of electrochemical double-layer capacitor (EDLC) and
Faradaic capacitance (owing to the presence of nitrogen and oxygen ).[1-3]
Figure 5.4a shows the galvanostatic charge-discharge profiles of sMC@G at a current density of
1 A g-1. The nearly triangular shapes with negligible voltage drop further confirm the good
electrochemical double layer capacitive characteristics. Estimated from the discharge curve,
sMC@G-2 with the largest specific surface area (989 m2 g-1) exhibits a high specific capacitance of
249 F g-1 at 1 A g-1 (Figure 5.4b and Table S5.2). Coupled with the wide voltage window of 4 V, the
corresponding energy density is calculated to be 130 Wh kg-1 (Figure 5.4c), which is superior to
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other porous carbon materials using in ionic liquid electrolyte supercapacitors (Table
S5.3).[8,15,29-33,39-44] In order to visually demonstrate the high energy performance, the sMC@G-2
based supercapacitors were assembled to drive an electric motor in Hydro-genius Professional load
box (Movie S5.2). With only ~2 mg active materials in each electrode, this small supercapacitor
device can drive a motor for around 30 seconds.
Figure 5.4 Electrochemical performances of sMC@G materials. (a) Galvanostatic
charge−discharge curves at 1 A g-1; (b) Specific capacitances as a function of current density; (c)
Ragone plots of the five samples; (d) Cycling performance of sMC@G-1 at a current density of 10
A g-1.
The supercapacitor performances at high current densities were also measured to assess their
power properties (Figure S5.8). Figure 5.4b shows the variation of capacitances as a function of
current density. Apparently, sMC@G-5 with the smallest mesopore (4.7 nm) exhibit a poor rate
capability. Compared with the capacitance at 1 A g-1, the rate retentions at 5, 10 and 20 A g-1 are
only 64%, 55.7% and 37.7%, respectively, indicating small mesopores are detrimental to the power
performance. With the increase of mesopore size, the rate performances of sMC@G materials
improve accordingly. At the mesopore size of 10.6 nm (sMC@G-2), the specific capacitances at 5,
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10 and 20 A g-1 are 183, 162 and 122 F g-1, with enhanced rate retentions of 73.5%, 65.1% and
49.0% respectively. The highest rate retentions are recorded in sMC@G-1 electrodes, showing the
results of 82.8%, 75.9% and 57.8% at 5, 10 and 20 A g-1 respectively. The significantly improved
rate performances of sMC@G-1 are attributed to the large mesopore size (13.9 nm) and high
mesopore surface area (832 m2 g-1, Table S5.1), which can greatly stimulate EMImBF4
ion/electrolyte transport property. The corresponding power densities and energy densities of all
sMC@G materials are plotted in the Ragone charts in Figure 5.4c. High power densities of 16.4 and
14.7 kW kg-1 are obtained from sMC@G-1 and sMC@G-2 (at 20 A g-1), respectively. The cycling
stability of the sMC@G-1 at a high current density of 10 A g-1 was also measured (Figure 3d). The
specific capacitance retains ∼95% after 10000 cycles, displaying an outstanding stability.
To directly show the mesoporous structure-electrochemical performance relationship, the energy
density and power density are plotted as a function of specific surface area and mesopore size. As
shown in Figure 5.5, at relatively low current densities of 1 and 3 A g-1, the energy density is nearly
proportional to the specific surface area (Figure 5.5a and Table S5.1). With the increasing of current
density, the energy densities of sMC@G-2 experiences significant decays in comparison to
sMC@G-1. This suggests that the ion diffusion is restrained within the mesopores especially at high
current operations. The energy density is not proportional to the pore size at low current densities (1
and 3 A g-1), but becomes nearly linearly correlated with the mesopore size at higher current
densities above 5 A g-1 (Figure 5.5b), implying that the ion diffusion restriction at higher current
densities is relieved by enlarging the pore sizes; consequently the electrochemical accessible surface
area is increased.[43]
The above conclusion is further verified by the power density plots. The power performance is
almost not affected by the specific surface area (Figure 5.5c) and pore size (Figure 5.5d) at 1, 3 and
5 A g-1, because the low operation currents give adequate time for electrolyte ion diffusion. At
higher current densities (10 and 20 A g-1), the change of power density as a function of surface area
(Figure 5.5c) follows the same trend in Figure 5.5a, further confirming the ion diffusion restriction
at higher current densities. However, at 10 and 20 A g-1, the power density shows a dramatic
increase when the pore size is increased from 4.7 to 6.8 nm at (Figure 5.5d), then increases slowly
with the pore size. This trend is different from the relationship between energy density and pore size
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Figure 5.5 The specific surface area versus energy density (a) and power density (b) and the
mesopore size versus energy density(c) and power density (d).
at high current densities and should be further understood. The power density is directly correlated
to the ion transport behavior in supercapacitors.[31,34] To fully understand the mesopore size
dependent ion diffusion property and power characteristics, electrochemical impedance
spectroscopy (EIS) measurements were conducted.[3,57,58]
The typical Nyquist plot of sMC@G-1 in the frequency (f) range of 0.01 to 100000 Hz is shown in
Figure 5.6a, with a magnified high f range chart in left-up inset. The Nyquist plot, composed of a
depressed semicircle in high f region and a sloping line in low f area, can be fitted using an
equivalent circuit (right-down inset in Figure 5.6a). In the circuit, Re represents the electrolyte and
ohmic resistance, referring to the intercept of the Nyquist plot with Z’ axis (3.5 ). Rct and Q are the
charge transfer resistance and double-layer capacitance, respectively, contributing to the depressed
semicircle spanning Z’ of approximately 3.5 to 8.0 . The low f sloping line corresponds to the
Warburg impedance (Zw) that pertains the ion diffusion in the Electrode.[57,58] The ion diffusion
coefficient D can be calculated by analyzing the Warburg region of sMC@G supercapacitors
(Figure S5.9a).[59] By correlating Z’ with -1/2 ( = 2f), the Warburg factor  (Hz1/2) can be
obtained from the linearly fitting slopes (Figure S5.9b and the discussion in supplementary
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Figure 5.6 (a) Nyquist plot and the equivalent circuit (right-down inset) of sMC@G-1, the left-up
inset is a magnified high frequency region of the Nyquist plot; (b) The correlation between ion
diffusion coefficient D and mesopore sizes of sMC@G materials.
information). Then, D (cm2 s-1) values can be calculated using the following equation (3):[60,61]
D = R2T2 / (22n4F4c22) (3)
where R is the gas constant, T is the temperature (K), A is the electrode area (cm2), n is the number
of transferred charges per EMImBF4 molecule (n = 1), F is the Faraday constant, c is the ion molar
concentration in sMC@G electrode (see the calculation in supporting information). The correlation
between mesopore sizes and D were plotted in Figure 5.6b. From 4.7 to 6.8 nm, the D value raises
slightly by ~ 3%. A steep D value increase (more than 200%) can be observed in mesopore size
range between 6.8 to 10.6 nm. Above that (10.6 to 13.9 nm), the D value increasing (~11%) is slow
again. At 13.9 nm, the EMImBF4 ion diffusion coefficient is estimated to be 10.8×10-6 cm2 s-1,
which is close to the bulk diffusion coefficient of EMImBF4 (~13×10 -6 cm2 s -1) at room
temperature,[61] consistent with the highest power performance obtained by sMC@G-1 material.
The steep shift of D between 6.8 to 10.6 nm indicates the ion diffusion of EMImBF4 increases
significantly in this mesopore size range. Considering the EMIm+ cation size (0.76 nm), our results
have shown that the mesopore with a size roughly 14 times of the ion size (~10.6 nm) is
recommended for fast ion/electrolyte transport. Further enlarging mesopores (e.g. over 13.9 nm)
may not be necessary, because the D value only increases slightly while the surface area and
consequently the capacitance / energy density is reduced (Figure 5.4, Figure 5.5b).
Our recommended mesopore size for high power performance of supercapacitors is quite larger
than the previously reported value (6 nm) using the same ionic liquid electrolyte.[5] The difference
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may be attributed to the model materials used in the study. The conclusion of 6 nm for best power
performance was drawn from micropore-rich (>85%) carbon xerogels.[5] In contrast, sMC@G
materials are mesopore-dominant and have a single-layered mesopore structure, thus the possible
contribution of massive micropores and ion diffusion length can be reduced to a large extent. The
significance of using mesopore-dominant sMC@G materials is also reflected by their superior
performance in energy density and particularly power density compared to other porous carbon
materials.
5.5 Conclusion
In summary, taking advantage of the heterogeneous interfacial cooperative assembly between APF
resin and silica on GO surface, single-layered mesoporous carbon sandwiched graphene nanosheets
have been successfully synthesized with adjustable pore sizes (4.7 to 13.9 nm) for applications in
ionic liquid electrolyte based supercapacitors. It is revealed that a size ratio (mesopore over
electrolyte ion) of 14 is preferable for fast ion/electrolyte transport and therefore improves the
power density (14.7 kW kg-1 at 20 A g-1) without compromising the energy density (130 Wh kg-1 at
1 A g-1). Our understanding may be applied to the rational design of nanoporous materials in other
ionic liquid supercapacitors or electrochemical systems. The material platform developed in this
work will also benefit the investigation of ion diffusion properties in mesoporous structures in
various electrochemical devices.
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Supporting Information
Scheme S5.1 Schematic illustration of the typical synthesis of sMC@G.
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Figure S5.1 (a) TEM image and (b) AFM image of GO nanosheet; (c) the corresponding thickness
analysis taken along the red line in (b) reveals a uniform thickness of ~1 nm for GO nanosheets. (d)
N2 adsorption/desorption isotherm and (e) pore size distribution of reduced GO nanosheets. (f) XPS
survey spectra of RGO and sMC@G-1, the nitrogen content is calculated to be 7.04 at%.
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Figure S5.2 TEM images of APF/silica@GO composites at reaction time of (a) 10 min, (b) 20 min,
(c) 30 min, (d) 1 h, (e) 2 h and (f) 5 h for sMC@G-1.
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Figure S5.3 Elemental mapping of APF/silica@GO composites at a reaction time of 10 min.
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Figure S5.4 XPS survey spectra recording the carbon and silicon atomic percentage change as a
function of the reaction time for sMC@G-1 (a) with adding EDA, (b) without adding EDA.
Figure S5.5 (a, b) TEM images of sMC@G-1 without adding EDA. (c) Nitrogen
adsorption/desorption isotherm and (d) pore size distribution of sMC@G-1 without adding EDA.
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Figure S5.6 (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution of the
sample with adding 3.0 mL TEOS. The specific surface area is 830 m2 g-1 and the average pore size
is about 12.98 nm. (c, d) high-magnification TEM images of the sample with adding 3.0 mL TEOS.
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Figure S5.7 CV curves (a-e) of sMC@G-1, sMC@G-2, sMC@G-3, sMC@G-4 and sMC@G-5 at
various scan rates.
Figure S5.8 Galvanostatic charge−discharge curves of (a) sMC@G materials at 3 A g-1 (a), 5 A g-1
(b),10 A g-1 (c) and 20 A g-1 (d).
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Figure S5.9 (a) Nyquist plots of sMC@G electrode materials and the inset shows the high
frequency range. (e) The linear correlation between Z’ and 1/(2f)1/2, the slopes are the Warburg
factors ().
Explanation of the Nyquist spectra of theseries of sMC@G materials:
The impedance spectra of symmetrical supercapacitors using sMC@G electrodes are shown in
Figure S5.9a. A similar pattern of Nyquist plots can be observed in these spectra (Figure S5.9a
inset). The Nyquist plots of sMC@G materials can be fitted using the same equivalent circuit as
sMC@G-1 (Figure 5.6a inset). To evaluate the ion diffusivity in sMC@G electrodes, the relatively
low f sloping regions of the impedance spectra corresponding to Warburg impedance (Zw) are
analysed. In f range between 15.85 to 0.12 Hz, the real impedances (Z’) are correlated with 1/(2f)1/2
(Figure S5.9b), and fitted linearly. The slopes (Warburg factor, ) of the linear fittings are measured
to be 8.29, 8.97, 11.65, 16.77 and 18.50 for sMC@G-1, sMC@G-2, sMC@G-3, sMC@G-4 and
sMC@G-5, respectively, which can be further applied to calculate the ion diffusion coefficient D.
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Table S5.1 Specific surface area, total pore volume and average pore diameter of RGO, sMC@G-1,
sMC@G-2, sMC@G-3, sMC@G-4 and sMC@G-5.
Samples Specific
surface area
(m
2
g
-1
)
Total pore
volume
(cm
3
g
-1
)
Average
pore
diameter
(nm)
Micropore
area
(m
2
g
-1
)
Mesopore
Area
(m
2
g
-1
)
RGO 146 0.48 2.6 22.0 124 (85%)
sMC@G-1 936 1.95 13.9 103 832 (89%)
sMC@G-2 989 1.82 10.6 161 828 (84%)
sMC@G-3 817 1.51 9.4 148 668 (82%)
sMC@G-4 781 1.34 6.8 114 667 (85%)
sMC@G-5 636 1.03 4.7 110 526 (83%)
Table S5.2 Specific capacitance of sMC@G materials at different current density.
Samples Specific
capacitance
@1 A g-1
Specific
capacitance
@3 A g-1
Specific
capacitance
@5 A g-1
Specific
capacitance
@10 A g-1
Specific
capacitance
@20 A g-1
sMC@G-1 232 202 192 176 134
sMC@G-2 249 209 183 162 122
sMC@G-3 212 185 167 150 109
sMC@G-4 195 161 147 125 102
sMC@G-5 183 132 118 102 69
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Table S5.3 Comparison of the energy density and power density of sMC@G material with
references
Electrolyte
Energy
density
Power
density
Ref.
mesoporous
graphene
nanofiber
EMIm-BF4
105 Wh kg-1
at 0.5 A g-1
20 kW kg-1
at 10 A g-1
ref. 8
nanoporous
activated graphene
EMIm-TFSI
85 Wh kg-1
at 0.7 A g-1
N/A ref. 39
porous
nitrogen-doped
carbon nanosheets
EMIm-BF4
102 Wh kg-1
at 1 A g-1
8.75 kW kg-1
at 20 A g-1
ref. 41
porous carbon
nanosheets
EMIm-BF4
45.5 Wh kg-1
at 1 A g-1
~15 kW kg-1
at 20 A g-1;
60 kW kg-1
at 100 A g-1
ref. 42
bimodal
micro-meso
porous carbon
EMIm-TFSI
60 Wh kg-1
at 0.2 A g-1
4 kW kg-1
at 20 A g-1
100 kW kg-1
at 150 A g-1
ref. 43
graphene-CMK-5 EMIm-BF4
60 Wh kg-1
at 1 A g-1
10 kW kg-1
at 20 A g-1
ref. 44
sMC@G-2 EMIm-BF4
130 Wh kg-1
at 1 A g-1
14.7 kW kg-1
at 20 A g-1
this
study
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EMImBF4 ion molar concentration in sMC@G electrode:
The ion molar concentration was calculated using the following equation:
C = (Vp × ρE)/(MW (Vp+1/ρC)) (1)
where c is the ion molar concentration (mol cm-3). Vp represents the total pore volume of MC@G
materials (cm3 g-1). ρE is the density of EMImBF4 (1.294 g cm-3). MW is EMImBF4 Molecular
Weight of 197.97 g mol-1. ρC is the density of amorphous carbon of ~2 g cm-3.
The calculation of specific capacitance C:
C = 2(I × t)) / (m ∆V) (2)
where I is the discharge current, t is the discharge time, m is the mass of active material in one
electrode, and ΔV is the operating voltage during discharge.
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Modulating the void space of nitrogen-doped
mesoporous hollow carbon sphere for
lithium-sulfur batteries
Yang Liu, Liang Zhou, Yannan Yang, Xiaodan Huang*, and Chengzhong Yu*
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6.1 Abstract
Nitrogen-doped hollow mesoporous carbon spheres with tunable void space were synthesized
through an ethylenediamine-assisted cooperative self-assembly strategy between
3-aminophenol/formadehyde resin and silica. The sample with the optimized void space shows high
sulfur loading and exccelent cycling stability as the sulfur cathode.
6.2 Introduction
Lithium-sulfur (Li-S) batteries, due to the high natural abundance, low cost, high theoretical
capacity (1675 mAh g-1) and specific energy density (2600 Wh kg-1) of S, have attracted extensive
research interests during the last decade.[1-4] Despite these incentives, the commercialization of Li-S
batteries is still hindered by several obstacles, including the insulating nature of S, the heavy
dissolution of polysulfides (shuttle effect), and the large volumetric expansion during lithiation
(80%).[3-5] Using host materials (porous carbons, metal oxides, metal sulfides, etc.) to immobilize S
and polysulfide is a commonly applied strategy to overcome these problems.[6-12] Porous hollow
carbon spheres (HCS) have been intensively investigated as promising candidates for S
immobilization, because of their large voids for accommodating the volumetric expansion and the
shell structures providing efficient confinement to soluble polysulfides.[13-19] However, studies have
shown that S was preferentially embedded in porous shells rather than in the interior voids,[13-16,18-21]
leading to the low volumetric energy density.[22,23]
Several strategies have been developed to address this problem. Engineering the shell structure of
carbn spheres was introduced firstly by several groups.[14,18,24] For example, double or muti-shelled
HCS have been developed for sulfur host. Compared with single shelled HCS, double or
multi-shelled HCS can accommodate higher weight fraction of active species and also possess a
better confinement to lithium polysulfide, leading to the increasement of volumetric energy density
and cycling performance. However, their strategy didn’t consider the optimization of the void space,
which might not be necessary to be so large for sulfur expansion. Later, rational design of a
functional core in HCS was used by some groups.[25-28] The introduced functional core (carbon or
metal oxide) play the role of bridge which effectively guide S into the internal void of carbon
spheres and facilitate the transfer of electrons and Li+ during charge/discharge. In addition,
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compression of the void space of HCS was applied by some other groups.[29,30] In comparison with
HCS, the compressed HCS possess a higher tapping density and volumetric energy density due to
the invaginated structure resulted from the compression of the internal void of HCS. Although the
introduction of a functional core or the compression of the internal void ensure high S loading and
high volumetric energy density, their designed structure didn’t take account of leaving enough free
space for S expansion. In summary, no current existed strategies take account of both high S
loading and optimization of free space for the volume expansion of S during charge-discharge
process.
Herein, we report an ethylenediamine-assisted self-assembly approach between
3-aminophenol/formaldehyde resin (APF) and silica templates to fabricate nitrogen-doped hollow
mesoporous hollow carbon spheres (NHMCS) with high specific surface area, large pore volume,
interconnected radial mesopores and tunable void space. When used as the host material, the high
specific surface area and large pore volume ensure high S loading; the interconnected radial pore
provides low resistance and short diffusion pathway, facilitating fast mass transport to enhance the
rate capability of the composite cathode; the tunable void space adjusts the volumetric energy
density and offering enough free space for S expansion. Benefitting from such novel architecture of
NHMCS, the obtained NHMCS/S cathode possess high S loading, improved electrochemical
performance including high capacity, good rate performance and cycling stability.
6.3 Experimental
Synthesis of NHCSs
Typically, an aqueous/alcoholic solution was prepared by mixing ethanol (80 mL) and distilled
water (20 mL) at 25 ℃. Subsequently, an ammonium hydroxide solution (3.125 mL, 28 wt%) and
ethylenediamine (EDA, 0.5 mL) was added under mild stirring. After that, 3-aminophenol
(NHMCS-1: 0.6 g, NHMCS-2: 0.8 g, NHMCS-3: 1.0 g), formaldehyde (NHMCS-1: 1.2 mL,
NHMCS-2: 1.6 mL, NHMCS-3: 2.0 mL, 37 wt%) and TEOS (5.0 mL) were continuously added
into the solution. The mixture was stirred for 5 h at 25 ℃ then centrifuged at 4700 rpm to obtain the
sediment. The sediment was washed with ethanol/water for three times and the resulting APF/SiO2
composite-spheres sediment was dried at 50 ℃ in an oven overnight. The dried APF/ SiO2
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composites were calcined under a nitrogen atmosphere in a tube furnace at 900 ℃ for 5 h with a
heating rate of 2 ℃/min. Silica etching was conducted in a 10 % hydrofluoric acid solution for two
days. The products were recovered by centrifugation, washed with water and ethanol, and dried at
90℃ in a vacuum oven overnight.
Sulfur loading
In a sealed glass bottle, the as-synthesized NHMCSs were mixed with sublimed sulfur (the weights
of carbon and sulfur were in the ratio 1:4). After heated at 155 °C for 10 h, 300°C for 1h in an argon
atmosphere, NHCSs/S were obtained.
Characterization
Transmission electron microscopy (TEM) measurements were conducted on a HITACHI-7700
microscope operated at 120 kV. Elemental mapping was conducted using an FEI Tecnai F20
FEG-STEM equipped with an energy-dispersive X-ray (EDX) spectrometer operating at 200 kV.
The nitrogen (N2) sorption measurements were performed at 77 K on a Micromeritics Tristar 3000
system with micropore analysis. Prior to the measurement, the samples were degassed at 250 °C for
8 h. The pore size distribution was calculated using adsorption branch by the
Barrett–Joyner–Halenda (BJH) method The Brunauer–Emmett–Teller (BET) specific surface areas
were calculated using adsorption data at a relative pressure range of P/P0 = 0.05–0.25. T-plot
method was used to differentiate mesopore and micropore surface area. The total pore volumes
were estimated from the amount of nitrogen adsorbed at the highest relative pressure (P/P0 of ~0.99).
X-ray photoelectron spectroscopy (XPS) results were recorded by a Kratos Axis ULTRA X-ray
photoelectron spectrometer. The atomic concentrations were calculated by the Casa XPS version
2.3.14 software and a Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak
fitting of the high-resolution XPS results were also carried out using the Casa XPS software.
Elemental mapping was conducted using an FEI Tecnai F20 FEG-STEM equipped with an
energy-dispersive X-ray (EDX) spectrometer operating at 200 kV. Thermogravimetric analysis
(TGA) was performed on a TGA/DSC1 STARe system in nitrogen (40−650 °C, 5 °C min-1).
Electrochemical Measurement
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The NHMCSs based cathode was prepared by mixing the NHMCSs (80 wt%), super P (10 wt%),
and sodium alginate binder (10 wt%) in water to form a slurry. The as-fabricated slurry was then
cast onto an carbon coated aluminum foil and was dried in an vacuum oven at 60 °C for 12 h to
obtain a uniformly spread cathode film. Area sulfur loading in each aluminium foil was kept about
1.1 mg cm-2. Then, CR2032-type coin cells consisting of a lithium metal anode, a Celgard separator,
and the NHMCS/S nanocomposite cathode were assembled in an argon-filled glovebox. The
electrolyte used was consisted of LiTFSI (1 mM) and LiNO3 (0.8 mM) dissolved in 1,3-dioxolane
and 1,2-dimethoxyethane (1:1 vol). Galvanostatic discharge was conducted with LAND battery
tester at 1.5–3.0 V (vs Li/Li+) at room temperature.
6.4 Results and discussion
Figure 6.1 Schematic illustration of the sequential steps for synthesizing NHMCS.
The synthesis of NHMCS is schematically illustrated in Figure 6.1. 3-aminophenol and
formaldehyde are used as carbon precursors; tetraethoxysilane (TEOS) is used as silica precursor.
The reactions are conducted in the mixed solution of water and ethanol with ammonia and ethylene
(EDA) as the catalysts. The amount of TEOS and APF precursors has been artfully tuned to control
the size of the internal silica core. The mechanism is based on simple kinetics of polymerization
reaction, which is proportional to the concentration of precursors. Based on such mechanisms, the
polymerization rate of APF resin can be finely tuned by changing the concentration of
3-aminophenol and formaldehyde. Setting the concentration of TEOS constant, the co-assemble
time frame between APF and silica can be advanced or delayed by increasing or decreasing the
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concentration of 3-aminophenol and formaldehyde. That is to say, the internal silica core of
APF/silica sphere can be modulated. By changing the concentration of APF precursors
(3-aminophenol and formaldehyde). Afterwards, carbonization and hydrofluoric acid (HF) etching
was performed to convert APF/SiO2 sphere to NHMCS. Then the original solid silica core in
APF/SiO2 was substituted by the void space in NHMCS, which was also decreased with the
increasing of APF precursor (R1/R2 ratio, 0.8163, 0.5227, 0.3276; R1: inradius, R2: exradius).
Figure 6.2 (a-c) SEM, (d-f) low magnification and (g-i) high magnification TEM images of
NHMCS-1, NHMCS-2 and NHMCS-3, respectively.
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Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) images of
the three samples with different void space are shown in Figure 6.2, which are labelled as
NHMCS-1, NHMCS-2 and NHMCS-3. The NHMCS-1, 2 and 3 show a uniform spherical
morphology and their size are around 300 nm. The architecture of NHMCS can be easily observed
from the contrast of the images (Figure 6.2 g-i): the dark-black part indicates the shell and the
bright-white part indicates the void space (R1/R2 ratio, 0.8163, 0.5227, 0.3276; R1: inradius, R2:
exradius). The shell thickness of NHMCS-1, 2 and 3 was about 28 nm, 77 nm and 122 nm. The
specific surface area, pore volume and distribution of NHMCSs are also characterized by using
nitrogen sorption (see Figure S6.1 and Table S6.1). The adsorption-desorption isotherm of
NHMCS-1, NHMCS-2 and NHMCS-3 show a type IV hysteresis loop in the range of 0.4-1.0,
indicating the existence of mesopores and macropores in the NHCSs. The specific surface area of
NHMCS-1, 2 and 3 are 687, 1178 and 935 m2 g-1, respectively. The pore volume of NHMCS-1, 2
and 3 are 0.52, 1.88 and 1.33 cm3 g-1. The high specific surface area and large pore volume of the
samples ensure the high S loading, which is beneficial for improving the energy density of S
cathode. In addition, it is worth to mention that the pore size determined from adsorption branch is
larger than the pore size determined from desorption branch (See Figure S6.1 and Table S6.1),
indicating the pore size was gradually decreased from inside to outside of the shell. Such pore
architecture may facilitate the inward expansion of S during discharge process. X-ray photoelectron
spectroscopy (XPS) result (see Figure S6.2) reveals the existence of nitrogen species (5.76 at%),
which can increase the interaction between NHMCS and polysulfide leading to better cycling
performance. After S loading, the specific surface area of NHMCS-1, 2 and 3 were greatly
decreased to less than 10 m2 g-1, (see Figure S6.3 and Table S6.2), indicating the successful
impregnation of S into the pores of NHCSs.
In order to confirm the S distribution in NHMCSs, scanning transmission electron microscopy
(STEM) images and the corresponding elemental mappings and line scans were conducted, as
shown in Figure 6.3. It should be mentioned that the contrast of dark-field STEM image is opposite
to that of bright-field TEM image. Therefore, as shown in the Figure 6.3a, 3e and 3i, the
bright-white part indicates the shell and the dark-black part indicates the void space. Based on the
STEM images, the shell thickness is increased and the void space is decreased from NHMCS-1/S to
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Figure 6.3 (a, e, i) STEM images of NHMCS-1/S, NHMCS-2/S and NHMCS-3/S (inset are the
corresponding line scan). Elemental mapping of NHMCS-1/S (b-d), NHMCS-2/S (f-h) and
NHMCS-3/S (j-l). Green, carbon; red, oxygen; yellow, S.
NHMCS-3/S, which is consistent to the bright-field TEM results. The line scan further reveals the
distribution of S in NHMCSs. As shown in the line scan of NHMCS-1/S in Figure 6.3a, there are
two obvious humps in the two sides of the curve, indicating that most of the S were embedded in
the shell rather than in the internal void of NHMCSs, which is consistent to most of the literature
reports. In the line scans of NHMCS-2/S and NHMCS-3/S, the two humps become broader and the
width of the humps are almost the thickness of the shells, indicating most S are still embedded in
the shell rather than in the internal void. Elemental mapping in Figure 6.3 (b-d), (f-h) and (j-l)
confirm the existence of carbon, oxygen and S species and the uniform distribution of S in
NHMCSs.
The loading amount of S species in NHMCSs were calculated by thermogravimetric analysis
(TGA) in nitrogen flow (see Figure S6.4). Based on the weight loss of the three samples, the S
loadings in the three samples are as high as ~76 wt%, which are higher than most literature reports.
The packing density or volumetric energy density of the cathode material is quite important for
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practical application. The packing density of NHMCSs are compared by pressing hard 60 mg of
NHMCS-1/S, NHMCS-2/S and NHMCS-3/S into a 500 μl glass vial (see Figure S6.5). The digital
image shows that the sequence of the packing density of the three samples are as follow:
NHMCS-3/S > NHMCS-2/S > NHMCS-1/S. This result is in consistent with our TEM, STEM and
line scan results. Because the shell thickness of the three samples are: NHMCS-3 > NHMCS-2 >
NHMCS-1, and the thicker the shell thickness of NHMCSs, more S species can be hold in an
individual NMHCS. This explains why NHMCS-3/S possess the highest packing density. Therefore,
the aforementioned results confirmed the fact that the volumetric density can be finely tuned by
modulating the internal void of NHMCSs based on our proposed approach.
The electrochemical performance of NMHCS/S cathode are evaluated in CR2032 type coin cells
consisting of a lithium metal anode, a Celgard separator. For the cathode preparation process, it is
worth to mention that the selection of water as solvent is important for cathode slurry preparation.
As shown in Figure S6a, S could not disperse but only float on the surface of water. However, in
ethanol, S could be partially dissolved and the solution shows a colour of light yellow (see Figure
S6b); in N-Methyl-2-pyrrolidone (NMP), S could be easily dissolved and the solution shows a
Figure 6.4 (a) Voltage profiles as a function of specific capacity, (b) rate capacity and (c) cycling
stability of the three samples at the current density of 0.5 A g-1.
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colour of golden brown. Therefore, for the cathode slurry preparation, water but not ethanol or
NMP should be used as the solvent, for the sake of preventing the dissolution of S from host
material. Correspondently, aqueous binder sodium alginate were selected during electrode
preparation process. Area S loading in each aluminium foil was about 1.1 mg cm-2. Cyclic
voltammetry (CV) curve of NHMCS-2/S were measured at a scan rate of 0.1 mV s-1 (see Figure
S6.7). The typical cathodic peaks at approximately 2.3 and 2.0 V are corresponding to the reduction
of S to polysulfide (Li2S8 to Li2S4 and Li2S2 to Li2S). The broad anodic peak centred at 2.6 V are
derived from the oxidation process (Li2S to Li2S2 and Li2S4 to Li2S8). Galvanostatic
charge-discharge curves of NHMCS-1/S, NHMCS-2/S and NHMCS-3/S within the voltage window
of 1.5-3.0 V at a current rates of 100 mA g-1 are shown in Figure 6.4a. All the discharge curves of
three samples show typical two-plateaus that are associated with the formation of long-chain
polysulfides (Li2SX, 4 < X < 8) at 2.3 V and short-chain polysulfides (i.e., Li2S2 and Li2S) at 2.1 V.
Furthermore, the second plateau with a large flat region indicates a uniform deposition of Li2S with
small kinetic barriers. The initial specific discharge capacity of NHMCS-2/S is the highest (1290
mA h g-1) among the three samples due to the largest surface area and pore volume of NHMCS-2
which offering the best contact and the maximum utilization of S species. Specially, NHMCS-2/S
shows the smallest polarization of 165 mV among the three electrodes, indicating the fast redox
kinetics and efficient energy conversion capabilities of NHMCS-2/S. Such voltage profiles and low
polarizations of NHMCS-2/S could be attributed to the nitrogen doping and unique pore structures
of NHMCS-2 which increase the conductivity of active material and facilitate the mass
transportation efficiency during charge/discharge process. The rate capabilities of the three samples
are compared in Figure 6.4b. Stable capacities of 556 mA h g-1 are obtained from NHMCS-2/S at
the current density of 2 A g-1, which is superior to NHMCS-1/S and NHMCS-3/S. In addition, when
the current density were further recovered to 0.1 A g-1, a stable capacity of 881 mA h g-1 can still be
obtained, which is comparable or better than those values reported for carbon based Li-S cathode.
This can be ascribed to the advantages of good conductivity, high specific surface area, large pore
volume and interconnected pore structure of NHMCS-2, which ensure low resistance, efficient
utilization of S and fast mass transportation to enhance the rate capability of the whole composite
cathode. The cycling stability (at the current density of 0.5 A g-1) of the three samples are presented
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in Figure 6.4c. NHMCS-2/S delivers a high initial capacity of 999 mA h g-1 and retains 528 mA h
g-1 after 500 cycles, which is better than NHMCS-1/S (877 mA h g-1 to 198 mA h g-1) and
NHMCS-3/S (948 mA h g-1 to 452 mA h g-1). Based on our theoretical calculation, when the pore
volume of NHMCS is large enough to load 75 % sulfur, then the optimized R1/R2 ratio of NHMCS
is about 0.7200 (See Scheme S6.1), which can meet the requirement of high S loading and leaving
enough internal void space for S expansion. For NHMCS-1, although its R1/R2 ratio is very close to
the optimized raitio of 0.7200, however, it cannot afford enough pore volume for the confinement to
sulfur (sulfur maybe just embeded on the surface of NHMCS) and polysulfides due to the small
specific surface area and pore volume, leading to the fast capacity decaying. For NHMCS-3/S, due
to the relatively small void space, it might not provide enough volume for S expansion during
charge/discharge process, leading to the leaching and the loss of S active species and finally the
decaying of specific capacity. The R1/R2 ratio of NHMCS-2 is 0.5227, which is close to the
theoretical optimized value. Besides, it has large pore volume and specific surface area, which can
meet the requirement of high sulfur loading and provide enough expansion, so that may be the
reason why NHMCS-2/S delivered a superior cycling stability to NHMCS-3/S and NHMCS-1/S.
6.5 Conclusions
In summary, we successfully modulated the void space of NHMCS through
ethylenediamine-assisted self-assembly approach between 3-aminophenol/formaldehyde resin and
silica templates. Due to the unique pore structure, nitrogen doping, high specific surface area, pore
volume and tunable internal void, the requirement of high S loading, high volumetric energy density
and leaving enough free space for sulfur expansion can be met. In addition, stemmed from the
selection of suitable binder and optimized internal void space for cathode preparation, the
assembled NHMCS-2/S based Li-S battery delivered an improved rate performance and cycling
stability. The proposed explanation was also demonstrated through theoretical calculation. This
work would guide the design of novel cathode material on developing high-performance Li-S
battery with high S loading, high volumetric energy density and optimized void space for S
expansion.
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Supporting Information
Figure S6.1 Nitrogen adsorption/desorption isotherm (a), pore size distribution from adsorption
branch (b) and desorption branch (c) of NHMCS-1, 2 and 3.
Table S6.1 BET surface area, micropore surface area, pore volume and pore size of NHMCS-1,
NHMCS-2 and NHMCS-3.
Surface
area
(m2 g-1)
Micropore
area
(cm-3 g-1)
Pore
volume
(cm-3 g-1)
Pore size from
adsorption
branch
(nm)
Pore size from
desorption
branch
(nm)
NHMCS-1 687 85 0.52 2.7 NA
NHMCS-2 1178 246 1.88 8.6 6.7
NHMCS-3 935 150 1.33 7.5 4.3-10
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Figure S6.2 XPS survey spectra of NHMCS-2. Carbon: (90.50 at%); Nitrogen: (5.76 at%), Oxygen
(3.74 at%).
Figure S6.3 Nitrogen sorption isotherm of NHMCS-1, NHMCS-2 and NHMCS-3 after sulfur
loading.
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Table S6.2 BET surface area, micropore surface area, pore volume and pore size of NHMCS-1/S,
NHMCS-2/S and NHMCS-3/S.
Surface area
(m2 g-1)
Micropore area
(cm-3 g-1)
Pore volume
(cm-3 g-1)
Pore size
(nm)
NHMCS-1/S -4 NA NA NA
NHMCS-2/S 5 23 0.05 NA
NHMCS-3/S 9 34 0.07 NA
Figure S6.4 TGA of NHMCS-1/S, NHMCS-2/S and NHMCS-3/S.
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Figure S6.5 Packing density comparison of NHMCS-1/S, NHMCS-2/S and NHMCS-3/S. (60 mg
of NHMCS-1/S, NHMCS-2/S and NHMCS-3/S pressing hard into a 500 μl glass vial.)
Figure S6.6 Photos of sulfur dispersing in different solvent: (a) water, (b) ethanol, (c) NMP.
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Figure S6.7 CV curve of NHMCS-2/S measured at a scan rate of 0.1 mV s-1.
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Scheme S6.1 Schematic illustration of the distribution of sulfur and lithium sulfide during charge
and discharge process.
Assuming the volume of a single NHMCS/Li2S is 1, the volume of carbon is x, the volume of
lithium sulfide is 1- x (fully dicharge) the volume of sulfur is 5(1-x) /9 (80% expansion of sulfur).
Assuming the density of carbon (armophous) is 1.95 g cm-3 (1.8-2.1 g cm -3), the density of sulfur is
2 g cm-3 (1.96-2.07 g cm-3).
If we want to load 75% of sulfur in the NHMCS.
Then we have this equation:
0.75
0.25
= [5(1 − x)/9 ∗ 2)/1.95x
then x=0.1598.
Assuming the radius of the internal void is R1, the radius of the whole NHMCS is R2. And all the
sulfur is resided in the channel of the radial pore. Then
[1 − 0.159  −
5 1 − 0.159 
9
 /1 = (e  1
 /  /e  2
 / )
R1/R2=0.7200
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Conclusions and outlook
7.1 Conclusions
Mesoporous carbon based nanomaterials have wide applications ranging from biomedical, catalyst,
and adsorption to energy storage systems. Integrating mesoporous carbon materials with graphene,
CNT/CNF materials is an efficient strategy to prepare carbon composites for high-performance
aquesous electrolyte based supercapacitors. Mesopores in the composite paly the role of ion
transportation pathway, leading to smooth electrolyte ion transport and enhanced rate performance.
Incorporating micro-, meso- and macropores into carbon materials could be a wise strategy to boost
the performance of supercapacitors. Applying novel 2D mesoporous carbon materials to prepare
electrode materials for ionic liquid based supercapacitors is a wise approach to investigate the
relationship between pore size, electrolyte ion diffusivity and energy/power density, but not
reported to date to the best of our knowledge. Mesoporous carbon based materials are promising
candidate for Li-S applications. However, no current existed strategies take account of both high S
loading and optimization of free space for the volume expansion of S during charge-discharge
process.
In this thesis, we have successfully developed a series of novel mesoporous carbon based
materials with tunable pore sizes based on 3-aminophenol/formaldehyde-TEOS-EDA system,
including nitrogen-doped mesoporous inviganated carbon spheres (N-MICS), single-layered
mesoporous carbon sandwiched graphere nanosheets (sMC@G) and nitrogen doped hollow
mesoporous carbon spheres (NHMCS). An EDA-assisted cooperative assembly strategy for
surfactant-free synthesis of nitrogen-doped mesoporous carbon has been developed. N-MICS
demonstrated outstanding electrochemical performances as electrode materials for supercapacitors,
showing a high specific capacitance (261 F g-1), superior cycling stability and good rate
performance. The material and the synthesis strategy reported herein open new opportunities in the
development of functional hollow carbon nanospheres with tunable mesoporous structure for
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diverse applications. sMC@G have been successfully synthesized with adjustable pore sizes (4.7 to
13.9 nm) for applications in ionic liquid electrolyte based supercapacitors. It is revealed that a size
ratio (mesopore over electrolyte ion) of 14 is preferable for fast ion/electrolyte transport and
therefore improves the power density (14.7 kW kg-1 at 20 A g-1) without compromising the energy
density (130 Wh kg-1 at 1 A g-1). Our understanding may be applied to the rational design of
nanoporous materials in other ionic liquid supercapacitors or electrochemical systems. The material
platform developed in this work will also benefit the investigation of ion diffusion properties in
mesoporous structures in various electrochemical devices. NHMCS was synthesized through
ethylenediamine-assisted self-assembly approach between 3-aminophenol/formaldehyde resin and
silica templates. Due to the unique pore structure, nitrogen doping, high specific surface area, pore
volume and tunable internal void, the requirement of high S loading, high volumetric energy density
and leaving enough free space for sulfur expansion can be met. The proposed explanation was also
demonstrated through theoretical calculation. This work would guide the design of novel cathode
material on developing high-performance Li-S battery with high S loading, high volumetric energy
density and optimized void space for S expansion.
7.2 Outlook
The following points can be taken into account in future work.
1) The introduction of nitrogen species in the carbon matrix has a lot of advantages, such as the
increase of puesdocapacitance, wettability and rate performance of the electrode materials.
Therefore, more heteroatoms should be incorporated in the matrix of carbon which may greatly
widen the application area of the final product. To this end, the original polymer precursors need to
be substituted with other heteroatoms (S, P etc.) contained precusors.
2) In the low concentation of ethylene-diamine, the appearance of phase separation between
polymer resin and silica can be applied, such as the synthesis of Janus particles.
3) Nitrogen-doped porous carbon is good candidate for host materials of lithium sulfur battery.
However, the interaction between carbon and lithium polysulfide is still not as strong as some metal
oxide, leading to a fast capacity decay during the long-time cycling process. Thus, the combination
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of nitrogen doped porous carbon and metal oxide should be a good strategy to increase the cycling
performance of the lithium-sulfur batteries.
4) Coating nitrogen-doped mesoporous carbon on graphene oxide have greatly enhanced the
electrochemical application of graphene based materials. Such coating strategy can also be applied
to other nanomaterials, such as on carbon nanotubes, metal oxide nanowires, layered double
hydroxide and so on.
5) Nitrogen-doped porous carbon materials also have wide applciations in the area of catalyst. The
large and interconnected mesopores of nitrogen-doped carbon can be embedded with diverse
catalytic materials, which could increase the uniform distribution of catalyst.
6) Nitrogen-doped porous carbon materials can also be used in the area of biomedical, such as drug
delivery and photodynamic therapy.
